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The development of techniques for colloidal nanoparticle synthesis has allowed
scientists to fabricate materials that can manipulate light on a scale that is small
even compared to the wavelength of the light itself. This ability has led to the
development of myriad and diverse applications of nanostructures in wide-ranging
fields. This thesis focuses on the investigation and exploitation of nanoscale material
properties in the fields of medicine and energy.
The unique optical properties of nanoparticles arise from their size and their high
surface area to volume ratios compared to bulk materials. As a result of this relation-
ship, the surface characteristics of nanoparticles generally dominate their properties,
whereas in bulk materials the surface atoms have very little bearing on the properties
of the composite. Chapter 1 gives an introduction to nanoparticles and their optical
properties, including a discussion of the plasmon resonance and the properties imbued
upon nanoparticles possesing such a resonance as well as the applicability of these
properties that will be explored in the subsequent chapters.
Chapter 2 presents a study of the interaction of cationic, hydrophobic gold
nanoparticles as probes to elucidate specific regions of interest on cell surfaces. The
high imaging contrast of gold nanoparticles in electron microscopy allows for visual,
macroscopic observation of the aggregation patterns formed by these nanoparticles on
cell surfaces. Plasmon resonant coupling between proximal nanoparticles is exploited
in order to monitor nanoprobe binding and localization over time with the use of
extinction spectroscopy. The role of surface proteins in the nanoparticle-cell surface
interaction is elucidated, generating composite data with relevance in pharmaceutical
xx
development and pharmacokinetics. Additionally, bacteria strain-dependent toxic-
ity is observed and subsequently investigated for smaller gold nanoparticle probes,
demonstrating a potential use for nanoparticles as strain-specific antibiotics.
The development of a↵ordable, e↵ective antibiotic technology is one of the ma-
jor scientific challenges of our time; infections from pathogen-infested drinking water
alone account for millions of deaths each year worldwide. In Chapter 3, we inves-
tigate the use of titanium dioxide as an inexpensive method to harness solar energy
to split water into reactive species and thereby decontamitate solutions of E. coli.
Though titanium dioxide is an excellent catalyst for water splitting, it requires UV
irradiation, which is fairly lacking in the solar emission spectrum. Further, recuper-
ation of titanium dioxide nanoparticles from solution is non-trivial, and its immobi-
lization into a film greatly limits its surface area and charge carrier e ciency, thereby
limiting its activity. We treat both the poor visible light absorption capability as
well as the surface area limitation in this study. CdS semiconductor nanocrystals
are used to extend the absorption edge of TiO2 further into the visible light region
of the spectrum by providing for lower-energy photon absorption and charge injec-
tion into titanium dioxide. TiO2 is also electrochemically anodized to generate TiO2
nanotube arrays, which have greatly increased surface area as well as more e cient
charge transfer properties compared to thin films of TiO2 nanoparticles.
The utility of nanoparticles in increasing the light absorption of other systems
continues as a theme in the work presented in the next two chapters. Chapter 4 ex-
amines the plasmonic enhancement of the solar energy conversion in a biomimetic sys-
tem. In this endeavor, we enhance the photocurrent generated by a light-transducing,
proton-pumping protein, bacteriorhodopsin, in a 3-dimensional wet electrochemical
cell. First, we increase the overall charge carrier separation with the use of a proton-
selective membrane in order to minimize ionic depolarization in the cell. We then use
xxi
plasmonic nanoparticles to exploit an irregularity in the bacteriorhodopsin photocy-
cle known as the blue light e↵ect. This e↵ect shortens the timescale of the photocyle
by more than 99% via blue photon absorption, but it has a very low natural occu-
rance. Plasmonic nanoparticles tuned to the blue wavelength region increase the flux
of blue photons on a local level and thereby increase the overall photocurrent genera-
tion. We first examine the importance of nanoparticle field strength to photocurrent
enhancement using silver nanospheres with di↵erent capping shell thicknesses. We
then consider the trade-o↵ between (1) using a nanoparticle with a plasmon reso-
nance tuned perfectly to the blue wavelength region and (2) using a nanoparticle
with a stronger field intensity but weaker energetic presence in the blue. By minimiz-
ing ionic depolarization, minimizing shielding of the plasmon electromagnetic field,
and maximizing the field strength while maintaining the plasmon frequency at the
proper wavelength, we demonstrate an enhancement of 5,000-fold in the photocurrent
production by bacteriorhodopsin.
Chapter 5 explores a variation on the theme of Chapter 4 with an application in
cancer therapeutics. Here, a photodynamic cancer drug, protoporphyrin IX (PpIX),
is incorporated into complexes with silver nanospheres, gold nanospheres, and gold
nanorods. Each of these nanoparticles displays a plasmon resonance in a di↵erent
region of the spectrum, with consequent di↵erent overlap with the absorption or
emission of the drug. Photodynamic therapeutic potential is measured in situ and in
vivo, and the drug activity is shown to be strongest when drug absorption overlaps
with plasmon resonance. Absorption by electronic excitations in the particle crystal
lattice is shown to function as a competitive light filter and decrease drug activity.
Additionally, the method of attachment of the drug to the nanoparticle is examined.
Maximum enhancement of drug activity is shown to require the drug to remain bound
close to the nanoparticle surface, where the electromagnetic field strength is highest.
This plasmonic enhancement e↵ect on drug activity is shown to outstrip the increase
xxii
in drug activity seen when using the nanoparticle solely as a delivery platform.
In Chapter 6, some synthetic techniques are presented for various nanomaterials.
Included are syntheses for gold, silver, and semiconductor nanoparticles of a variety of
shapes and sizes as well as for TiO2 nanotube arrays. The relationship of the ratio of
capping agent to metal salt is explored for gold nanospheres, and a method for facile
tuning of the longitudinal plasmon resonance displayed by gold nanorods is presented.
Synthetic techniques are also presented for the nanoparticles whose applications are




Nanomaterials have been used by man for centuries; nanoparticles (NPs) are re-
sponsible for the unique ways that objects such as the Lycurgus cup and cathedral
stained glass windows interact with light (Figure 1).[8] However, nanoparticles have
been thrust into the limelight in the past two decades, as scientists have gained both
better control over their syntheses [5, 48, 68] as well as the ability to thoroughly
characterize them, [13, 36] allowing access to their myriad applications. [9]
Figure 1: Stained glass window in the Sainte-Chapelle in Paris. Unlike organic dyes,
which are suceptible to photobleaching, the gold nanoparticles in these glass windows
have retained their vibrant colors for centuries. Photo by SCH.
1.1 Materials on the Nanoscale
When materials are reduced to the nanometer size scale (2-100 nm), new properties
develop that di↵er greatly from the properties of the same material in bulk as well as
the properties of the individual constituent atoms. [12] These nanoscale properties
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derive fom the di↵erences in electronic motion in the nanoparticle relative to the bulk
material. [11]
An example is found in CdSe quantum dots (emmissive semiconductor nanopar-
ticles). When this semiconductor material is reduced to the nanometer size scale,
confinement e↵ects increase the energy level spacing as the electronic motion is con-
fined to a smaller volume. [39] As a result, the emission of these particles can be
tuned throughout virtually the entire visual spectrum by changing their diameter
(Figure 2). [33] The systhesis of these quantum dots is discussed in Appendix 6, and
their use for solar energy applications is presented in Chapter 3.
Figure 2: Photograph showing the emission of CdSe quantum dots of increasing
diameter (left to right) under UV excitation. The wavelength of emission depends on
the size of the nanoparticle due to quantum confinement e↵ects. Synthetic procedures
discussed in Chapter 6.Photo by SCH.
Because of the much larger surface area to volume ratio in nanoscale materials, the
atoms on the surface of nanoparticles have a pronounced e↵ect on their properties.
Thus, the particle characteristics are largely derived from the size and structure of
the particle, with the composition and medium dielectric also having an influence.
[12] This high surface area to volume ratio makes metal nanoparticles highly useful
as catalysts. [53] For plasmonic nanoparticles, in particular gold and silver, the new
properties incurred upon the material as a result of its size make nanoparticles of
these precious metals particularly interesting for optical applications. [27]
2
1.2 Precious Metals on the Nanoscale
The brilliant colors of cathedral stained glass windows was attributed to the presence
of colloidal gold nanoparticles by Faraday in the 1850’s. [69] Later, it was shown that
their peculiar properties arise from the way in which incident light interacts with their
conduction band electrons, as illustrated in Figure 3 and discussed forthwith.
Figure 3: Schematic representation of the interaction between incident electromag-
netic radiation of the proper wavelength and the conduction band electrons in a
nanoparticle. The electrons respond to the polarization in the lightwave, which leads
to a flux in the electron density. This flux is called a plasmon, and its e↵ect is seen
most strongly at the surface of the particle.
1.2.1 The Plasmon Resonance
Nanoparticles (2 - 100 nm) are roughly an order of magnitude smaller than the wave-
lengths of visible light (ca. 350 - 800 nm). Since electromagnetic radiation travels
as a polarized wave much larger than the nanoparticles, [2] the inherently-fluid con-
duction band electrons in certain metal nanoparticles respond to the polarization of
the incident lightwaves. [47] Thus, the exposure of precious metal nanoparticles to
resonant photons results in a collective oscillation of the conduction band electrons
in the nanoparticles, which in turn induces an electromagnetic field. Electrons on the
surface of the nanoparticles move more freely than those in the interior, and their
coherent oscillations across the nanoparticle from one surface to the other - along the
exciting light polarization vector - are subject to the pendulum e↵ect. This e↵ect re-
sults in the induced fields spending more time at the turning points of the oscillation
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(i.e. at the surface). Thus, this event is termed a localized surface plasmon resonance
(LSPR).
For particles much smaller than the wavelength of light, it is valid to assume
that the absorption derives entirely from the dipole mode [34] and to assume that
the electric field of light is constant. [31] At this dipolar and quasi-static limit, the







where ✏0 is the permittivity of vacuum, V is the particle volume, ✏m is the dielectric
constant of the surrounding medium, which is real for almost all typical media, and
✏ is the dielectric function of the metal, which is complex and given by Equation 2 as






The real portion of the dielectric ✏
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(!) is related to the particle’s stored energy in
the medium, while the imaginary part ✏
i
(!) is related to the dissipation of energy
within the particle. [55]
When the imaginary portion of the metal dielectric function is su ciently small
and the real component is negative, the denominator in Equation 1 approaches zero,






In this case, the polarizability approachs infinity and a plasmon resonance can be
supported on the particle at the appropriate irradiation frequency. [31] Most elements
lack su ciently real dielectric functions to support a plasmon resonance, with the
exception of noble metals and some alkali metals. [31] Of these, only noble metals
(copper, silver, and gold) have a plasmon resonance in the visible, [42] rendering these
materials particularly interesting for optical applications, though copper is rarely used
due to its high susceptibility to surface oxidation.
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1.2.2 Energy of the Plasmon Resonance
The energetic di↵erences between silver and gold nanoparticles are easily contrasted
by considering the full width at half max of the plasmon band. The plasmon band-
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) that satisfies Equation 3, thereby generating the surface
plasmon maximum condition. This relationship indicates a narrower bandwidth when
the imaginary portion of the dielectric is small and when the slope of ✏
real
with respect
to ! is high.




values; however, the imaginary
component of the dielectric function for silver is much smaller than for gold. Thus,
silver has a much more narrow plasmon bandwidth, a much higher scattering-to-
absorption ratio, [38] and a much stronger plasmon field compared to gold nanopar-
ticles of the same size. [58] These properties lead to increased utility of one or the
other metal depending on the application. For example, silver nanoparticles are
highly useful in Surface Enhanced Raman Spectroscopy (SERS), where the scatter-
ing cross section determines the signal strength. [22] Gold nanoparticles find utility
in plasmonic photothermal cancer therapy (PPTT), in which the lower scattering to
absorption ratio are needed to generate localized heat and the relative stability of
gold makes it less toxic and more biocompatible. [24]
1.2.3 The Plasmon-Induced Electromagnetic Field
The plasmon oscillation is considered to be a photon that has been confined to the
nanoscale size of the particle. [29] Though the di↵raction limit does not conventially
allow the the confinement of light to a size smaller than its wavelength, the plasmon
resonance does provide for confinement of the electromagnetic field to a size scale
that is orders of magnitude smaller than the wavelength of the original photon. [4]
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As a result, the field generated by the plasmon at the surface of the particle is quite
strong and can lead to great enhancement of radiative processes in adjacent electronic
systems. [30] Thus, plasmonic nanoparticles have found great utility in applications
such as the trace detection of explosives via Raman spectroscopy, [7, 46] the enhance-
ment of photocurrent in biomimetic and dye-sensitized solar cells, [71, 6, 10] and the
enhancement of activity in photodynamic cancer drugs [32].
The strength of the field decays exponentially with increasing distance from the
nanoparticle surface, [14] as seen in Figure 4. Additionally, the strength of the field
is greatly dependent on the shape of the nanoparticle. [19] Figure 4 shows the plot
of the field strength for a 40 nm edge length silver cube (left) and a 40 nm diameter
silver sphere (right), each on its own scale. The field is significantly more localized
and stronger in regions of higher-order geometries, such as corners and edges. This
is known as the lightning rod e↵ect, and it results from the relatively high surface
area-to-volume ratio in these regions. [18, 3]
Figure 4: Three dimensional electromagnetic field plot for a 40 nm edge length silver
cube (left) and a 40 nm diameter silver sphere (right), each on its own intensity scale.
The field is significantly stronger and more localized in regions of more complex
geometry, such as corners and edges. This is known as the lightning rod e↵ect, and
it results from the relatively high surface-area-to-volume ratio in these regions.
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Figure 5: Extinction profile of gold nanospheres of increasing diameter. Zoom view
emphasizes bathochromic shift with increasing nanoparticle size.
Increasing nanoparticle size results in the concurrent increase in depolarization of
the electric field of light due to the finite ratio of particle size to wavelength. [41]
This is termed electromagnetic retardation, and it results in both a red-shift and a
broadening of the plasmon extinction band. This bathochromic shift with increasing
size is seen in the example spectra shown in Figure 5. As a result of this shift,
plasmonic nanoparticles - in particular gold nanoparticles - show facile tunability
throughout a large wavelength region. This holds true for all shapes, though it is
somewhat limited in spherical particles [26] and much more pronounced in anisotropic
shapes, such as rods. [43]
1.2.4 Components of the Extinction Cross Section
The number of electrons in a nanoparticle increases in direct proportion to the vol-
ume of the nanoparticle, and as a result, the extinction cross section of the particle
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also increases with volume. [49] The extinction cross section has two components:
scattering and absorption.
When plasmonic nanoparticles are irradiated with light that satisfies the surface
plasmon resonance condition, the nanoparticle behaves as depicted in Figure 6, where
silver nanospheres are irradiated with 400 nm light. In this case, the nanoparticle
absorbs and scatters a relatively large component of the radiation, and the ratio of
scattered light to absorbed light increases with increasing particle size. [37]
Figure 6: Field lines depicting the nature of interaction between a plasmonic nanopar-
ticle (silver sphere) and incident radiation (400 nm) that is of the same energy as the
plasmon resonance (400 nm). Adapted from Hutter et al. [25]
By contrast, if the same nanoparticles are irradiated with light that is not the
same wavelength as the resonant frequency of the plasmon, the resultant absence
of the plasmon and its field result in an interaction between the particles and the
radiation that resembles that of non-plasmonic particles. [25] This is illustrated in
Figure 7, where silver nanospheres (plasmon resonance at 400 nm) are irradiated with
550 nm light.
1.2.4.1 Scattering
The scattering cross section becomes significant in particles that are much smaller
than the electronic mean free path of the metal (< 100 nm) [40] but large enough that
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Figure 7: Field lines depicting the nature of interaction between a plasmonic nanopar-
ticle (silver sphere) and incident radiation (550 nm) that is not of the same energy as
the plasmon resonance (400nm). Adapted from Hutter et al. [25]
quantum size e↵ects can be ignored (> 3 nm) [1]. As the particle size increases within
this 3 to 100 nm range, radiative damping increases. [31] This arises from spontaneous
emission of radiation by the electronic oscillations that comprise the plasmon, and
it leads to an increased contribution from scattering as the particle size increases.
Scattering is an elastic phenomenon; [59] thus, nanoparticles can be used as nanoscale
lenses to focus light on an incredibly local level. [45] Functionality as a nanoscale lens
facilitates the use of nanoparticles in applications where the absorption cross section of
the system in question a↵ects its functionality, [52] such as in solar energy (Chapter 4)
and photodynamic therapy (Chapter 5). In these, elastic scattering - or focusing - of
the light is shown to greatly increase the absorption - and therefore activity - of the
system.
1.2.4.2 Absorption
The absorption component of the extinction cross section arises from one of two
events: absorption by the plasmon or absorption by the d-orbitals in the crystal
lattice. [51] The absorption of light by the plasmon resonance fuels the plasmon itself,
thereby fueling the electromagnetic field around the nanoparticle. The intensity of the
absorption cross section of the plasmon is dependent on the size, [31, 41] structure,
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Figure 8: Deconvoluted model extinction spectra for silver nanospheres (left) and gold
nanospheres (right) showing approximate interband absorbance, plasmon resonance
frequency, and full extinction spectra.
[50, 43, 56] and composition[34] of the nanoparticle and is additionally a↵ected by
the dielectric of the surrounding medium [17, 70]. The plasmon decays via electron-
phonon coupling on the picosecond timescale as it transfers energy to the positive
nuclear lattice. [64] This energy then dissipates into the surrounding medium on the
ca. 100 picosecond timescale through phonon-phonon coupling. [42]
Light can also be directly absorbed by interband transitions (Figure 8). Exci-
tation of the interband transitions invariably results in thermal (i.e. non-radiative)
relaxations. Absorbance by the interband is therefore non-advantageous to systems
seeking to use NPs to enhance the absorbance of adjacent systems. The intensity
of the interband increases with decreasing surface-area-to-volume ratio; however, as
interband transitions are a property of the metal, their energies cannot be red- or
blue-shifted by changing particle size or shape. For gold NPs, these interband ab-
sorption events occur in the UV and blue wavelength regions (Figure 8, right). For
silver NPs, the interband lies in the UV (Figure 8, left). Absorbance by the interband
also detracts from the strength of the plasmon field, which is relatively damped in
gold because of the energetic proximity of the plasmon resonance to the interband
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absorption edge in addition to the previously-discussed larger imaginary component
of the gold dielectric function (Equation 4).
1.2.5 Coupling between Plasmonic Nanoparticles
When the distance between two plasmonic nanoparticles is less than the particle di-
ameter, the electromagnetic plasmon fields around the NPs couple. [67] This coupling
results from the plasmon on each NP becoming coherent with the plasmon on the
other NP, [15] as illustrated in Figure 9. As the plasmons couple and their oscilla-
tions become coherent, a dipole is formed on each particle. These dipoles render the
movement of the electrons more energetically favorable (e  in one NP towards  + on
the other NP);[62] thus, coupling results in both (1) a decrease in the energy of the
surface plasmon oscillation of the nanoparticle pair with respect to the isolated par-
ticle [28] and (2) an increase in the electromagnetic field intensity between the NPs.
[65] The extent of the red-shift increases as NPs become closer and also increases as
the number of coupled NPs increases. [35, 57, 66]
The resultant field intensity between coupled nanoparticles is greater than the
sum of the two individual field strengths, and this is mainly attributed to coupling
of higher order multipoles. [16, 60, 21] The coupling of these fields and consequent
spike in field intensity between the pair leads to localized hot spots, which have found
utility in applications such as sensing and detection of trace compounds for security
screenings, [63] deweaponization of landmines, [61, 20] and disease detection [23, 44].
In these applications, field enhancements on the order of 1013 - 1015 have allowed
for single-molecule detection. [54] Another interesting application of this coupling
is explored in Chapter 2, where the clustering of gold nanoparticle probes on cell
membranes is monitored over time as a function of the bathochromic shift in the
plasmon resonance.
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Figure 9: Coupling between adjacent nanoparticles results from oscillations of their
valence electrons in coherence with one another, leading to the formation of a dipole
and a resultant bathochromic shift in the oscillation frequency as the flux that com-
prises the plasmon becomes more energetically favorable.
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CHAPTER II
NANOPARTICLES AT BIOLOGICAL INTERFACES
Figure 10: Cartoon and accompanying TEM images and spectra showing a
bathochromic shift over time as NPs aggregate on the surface of E. coli.
2.1 Chapter Summary
The constituents, dynamics, and macroscopic organization of cell membranes are of
consequence to areas of study as impactful as drug design [35] and therapeutics. [12, 2]
In these areas, the cell membrane defines the barrier between e cacy and impotence;
therefore, the nature of the interaction of nanoscale species with cell membranes
is of great concern. Fundamental insight into the interaction of nanoparticles with
bacterial cell membranes would provide direction in the design of bacteriacidal agents
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and sensor systems. [25, 26, 30, 8] However, the interaction of AuNPs with bacterial
cell membranes is not well understood. No good models exist concerning how this
interaction takes place or to which loci, if any, the AuNPs are most attracted.
Cationic monolayer-protected gold nanoparticles (AuNPs) with sizes of 2 or 6 nm
interact with the cell membranes of Escherichia coli (Gram-negative) and Bacillus
subtilis (Gram-positive), resulting in the formation of strikingly distinct AuNP sur-
face aggregation patterns or lysis, depending upon the size of the AuNPs. Upon
proteolytic treatment of the bacteria, the distinct aggregation patterns disappear.
Distinct topographic mapping of the bacterial surface by functionalized gold nanopar-
ticles demonstrates the e↵ect of hydrophobicity and local charge on real-time AuNP
association on the surface of a living organism. This work also has implications in
phamacology, as mechanical perturbations of specific regions of the cell membrane
may aid in some types of drug delivery. [14]
2.2 Bacterial Cell Walls
Bacteria are encapsulated in cell walls that give them both their characteristic shape
and determine their virulence. In fact, the symptoms of many diseases can be ellicited
in humans merely by injection of isolated bacterial cell walls. This gives bacterial
cell walls considerable medical significance and has led to the use of these types of
injections as vaccinations to invoke the patient’s immune response against a particular
strain or species of bacteria.
2.2.1 Bacterial Cell Wall Constituents
Bacterial cell walls are made up of peptidoglycan, which is itself composed of polysac-
charide and polypeptide chains. These form several concentric layers of covalently
cross-linked  -sheets that completely encapsulate the cell. Two main branches of
bacteria exist today, and these di↵er most strikingly in the constitution of their cell
membranes. The surface layer of Gram-positive (Gram+) bacteria is a thick layer (ca.
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Figure 11: Schematic of Gram-positive and Gram-negative cell wall constituents.
The most external layer of Gram-positive bacteria is the peptidoglycan layer, which
is riddled with teichoic acids. By contrast, Gram-negative bacteria have a second
membrane over their peptidoglycan layer that prevents uptake of Gram stain.
25 nm) of peptidoglycan [32] that is riddled with proteins and teichoic acids. [1, 3]
Pepetidoglycan readily absorbs Gram stain - a mixture of crystal violet and iodine
- thus, the designation as Gram-positive. Gram-negative (Gram-) bacteria have an
additional membrane over their much thinner peptidoglycan layer (ca. 3 nm) that
prevents them from taking up the Gram stain. [10, 5] This additional membrane is
composed of lipopolysaccharides and phospholipids (Figure 11).
Both Gram-negative and Gram-positive bacterial cell surfaces are negatively charged,
and each has varying degrees of surface hydrophobicity. [9] While the constituents
of the bacterial cell surface and their functionalities are well understood, the spatial
arrangement of these molecular species is less explored from a supramolecular point
of view.
2.2.2 Bacterial Cell Wall Curvature
Cell surface deformation into curved structures is crucial for various cellular processes,
including endocytosis, cytokinesis, and cytoskeletal protrusion. [17] The formation
of several curved membrane assemblies, including buds, lipid tubules, [27] and blebs,
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[11] results from mechanisms such as binding of curved proteins, changes in lipid
composition, etc. [23]
Specific lipid species (e.g. cholesterol) in cell wall microdomains are known to be
present in higher local concentrations at the sites of many curved membrane struc-
tures, illustrating the possible involvement of membrane microdomains in cytoskeletal
rearrangements. [31, 24] Sasaki et al. have shown that lipid domains can sterically
confine proteins, leading to deformation and consequent tubulation of model mem-
branes. [29] However, other topological membrane features of supramolecular inter-
est, such as hydrophobic domains, local charges, and the role of these in membrane
curvature in living organisms, have yet to be systematically explored.
2.3 Nanoparticles and Cell Membranes
Positively charged gold nanoparticles (AuNPs) can selectively interact with bacte-
rial cell surfaces via complementary charge interactions. [25] Murphy and coworkers
[4] demonstrated that Gram-positive B. cereus coordinates to CTAB-protected gold
nanorods, but the coverage of the bacteria was found to be isotropic. Similar obser-
vations were made by other groups that investigated the interaction of AuNPs with
microbes to access bioinspired advanced materials. [15, 36, 20] Jiang and coworkers
[37] demonstrated that diamino pyrimidine thiol-functionalized, cationic, 3 nm-sized
AuNPs induce formation of outer membrane vesicles (i.e. blebbing) that lead to
membrane disruption and uncontrolled release of bacterial DNA in P. aeruginosa.
The role of charge and hydrophobicity in the interaction of nanoscale species with
cell membranes is of utmost interest in areas such as pharmacology. We investigated
the mesoscopic interactions of functionalized AuNPs with representative bacterial
strains of both Gram stain types (E. coli and B. subtilis). To this end, we exploit
two interesting properties of AuNPs: their high imaging contrast in transmission elec-
tron microscopy (TEM) and their near-field coupling, which is observable via UV-Vis
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absorption spectroscopy. As this coupling occurs when two or more gold nanopar-
ticles are proximal, it serves as an indicator of gold nanoparticle cluster formation.
Our study confers binding ability on AuNPs through the use of positive charge and
hydrophobic ligands. In our system, the positive charges on the particle will pro-
mote general particle-bacteria electrostatic association while the hydrophobic ligands
will impart hydrophobic specificity to these interactions. These particles are used to
demonstrate cell surface mapping and to resolve the e↵ects of these interactions on
membrane curvature.
We show that positively charged, 2- and 6 nm gold-core hydrophobic nanoprobes
localize into specific, mesoscopic arrangements on the cell surfaces of strains of B. sub-
tilis and E. coli. We exploit this surprising nanoparticle self-organization to elucidate
the fundamental topographical properties of hydrophobicity and charge on di↵erent
bacterial surfaces. Herein, we demonstrate the utility of gold nanoprobes for cell sur-
face mapping and demonstrate enhanced toxicity that is dependent both on the size
of the nanoparticle and the Gram stain of the cell.
The antimicrobial activity of these monolayer-protected AuNPs, which was also
investigated by Feldheim and co-workers, [6] is an attractive applicative boon. De-
pending upon the specific membrane and NP structure, membrane interaction with
nanoparticulate matter can result in blebbing, tubule formation, [37, 6, 29] or creation
or enlargement of membrane defects, etc., [22, 21] in a subtle structural interplay of
the NP and membrane structures.
2.3.1 Cationic, Hydrophobic AuNPs
Nanoparticles were surface-passivated with a hexyl-substituted, ammonium-functionalized
thiol (Figure 12) as a protective coat, as this ligand had previously shown optimal in-
teraction with di↵erent bacterial species and strains, apparently displaying the correct
mix of hydrophobicity and positive charge. [25] We examined both 2 nm (NP2) and
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6 nm sized (NP1) AuNPs. The latter display a well-behaved plasmon band upon
aggregation, and the resulting bathochromic shift of this band correlates with the
number and separation distance of interacting particles. Decreasing the interparticle
distance and increasing the number of particles leads to larger shift, giving a valuable
tool to study aggregation of NP1 on bacteria in suspension.
Figure 12: Schematic diagram of a monolayer-protected AuNP used in this study
(NP1, 6 nm diameter; NP2, 2 nm diameter)
NP1 were obtained from place exchange of undecanethiol-capped AuNPs formed
via the heat-induced size evolution method;[16, 34] NP2 were obtained via place-
exchange of pentane-thiol-capped AuNPs formed through the Schi↵rin-Brust method.
[7] In the first experiment (Figures 13, 14)NP1 was mixed with a bacterial suspension
of B. subtilis or E. coli (Details see AppendixA). Aliquots of this NP/bacteria mixture
were removed successively at increasing time intervals, applied to TEM grids, and
fixed with 1% uranyl acetate. Imaging with a JEOL JEM-1400 TEM equipped with
Gatan Orius SC1000 and Ultrascan 1000 CCD cameras yielded the images seen in
Figures 13, 14 and 19.
2.3.2 TEM Investigation of the Interaction of 6 nm AuNP Probes with
Bacterial Cell Walls
Aggregation in the B. subtilis samples begins immediately and progresses more rapidly
to full aggregation than in the E. coli samples. However, all bacteria examined show
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aggregation patterns, with no cell showing random isolated particle distribution over
its surface. NP1 sits on top of the glycocalix, the tough outer membrane of Gram+
bacteria. With increasing time, the number and the size of the discrete aggregates
increases and a striking pattern develops (Figure 13D). The micrographs indicate
that NP1 either clusters on hotspots of increased hydrophobicity and/or negative
charge density on the bacterial surface or induces hotspots with increased binding to
the cell. In Figure 13D, the aggregates have higher contrast, and some of them are
located on the periphery on membrane protrusions of the bacterium in this particular
image view, suggesting that binding occurs at the bacterial surface and that NP1 is
not endocytosed or otherwise translocated to the inside of the bacterium.
In the E. coli samples, the formation of NP1 aggregates is also seen but is less
developed than in B. subtilis (Figure 14). Here, at short time intervals, single NP1
appear almost randomly distributed over the body of the bacterium. However, at
increased exposure times, aggregation is apparent, though the aggregates are smaller
than those observed in the B. subtilis samples. After 30 min, E. coli features a large
number of smaller aggregates that are evenly dispersed over the whole surface of the
bacterium. Figures 13 and 14 show typical micrographs in which the interaction of
NP1 with bacterial cells is demonstrated. Control micrographs of NP1 in fresh and
used growth media are presented in Appendix A.
2.3.3 Spectroscopic Investigation of the Interaction of 6 nm AuNP Probes
with Bacterial Cell Walls
We next investigated the kinetics of the aggregation phenomenon as a collective on
many bacterial cells exploiting the use of the localized surface plasmon resonance
on these nanoparticles. Surface plasmon coupling is observed when two or more
particles are close together. [13, 33] This results in a red-shift in the plasmon band
absorption as the energy of the electronic oscillation responsible for the plasmon
decreases. The strength of this coupling is dependent on the interparticle distance;
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Figure 13: TEM images of timed stages of interaction of NP1 with B. subtilis with
corresponding higher magnification views of the boxed areas in the second panel.
Shows the development of distinct aggregation patterns over time. Images were col-
lected at incubation time points of (A) 20 sec, (B) 1.5 min, (C) 3 min, and (D) 10
min. Scale bars are 200 nm.
[18] thus, the degree of red-shift in the plasmon band is indicative of more coupling
events or stronger coupling interactions, indicating the formation of either larger,
more numerous, or more tightly packed clusters of particles.
Figure 15A displays the time-dependent UV-vis spectra of a suspension of B.
subtilis upon mixing with NP1, where the band normally associated with gold
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Figure 14: TEM images of timed stages of interaction of NP1 with E. coli with
corresponding higher magnification views of the boxed areas in the second panel.
Images were collected at incubation time points of (A) 20 sec, (B) 1.5 min, (C) 5
min, and (D) 30 min. Scale bars are 200 nm.
nanospheres red-shifts, broadens, and increases in intensity as the gold nanospheres




of cluster formation is indicated by the rate constant for these curves (t), whereas
the size of the resulting clusters is indicated by the magnitude of the final shift in the
plasmon peak (A0). At the beginning, the plasmon band of NP1 is observed at 532
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nm, but after 30 seconds, the extinction profile already displays a red-shift (an indi-
cation of plasmonic coupling as nanoparticles approach each other) and an increase
in intensity as the large particle aggregates scatter more light. After ca. 5 minutes,
equilibrium is reached; the band now peaks at 559 nm and does not shift further to
the red. In Figure 15B, the frequency of the plasmon peak position is plotted against
time.
The analogous experiment was performed for E. coli with NP1, and the observed
shift is considerably less over the same time frame (from 532 nm to 545 nm), with
an ultimate endpoint of 552 nm after equilibrium is reached at ca. 900 seconds. This
suggests both the formation of significantly smaller aggregates and a decreased rate
of aggregate formation (Figure 16). The results from the direct TEM observation and
the spectroscopic experiments are therefore mutually reinforcing. The larger cluster
formation in the case of B. subtilis is presumably due to the higher local charge and
hydrophobic character of its surface. [9]
2.3.4 The Role of Surface Proteins in NP1 Aggregation Patterns
The stark di↵erence in the aggregation behavior of E. coli and B. subtilis could arise as
a result of the di↵erent lipid concentrations, the gross constitution of the membranes,
or even di↵erences in specific protein complexes that reside on the surface of the
bacteria. [28] To investigate the role of surface proteins in the aggregation phenomena,
we examined aggregation on cells that had recieved proteolytic treatment (treatment
with a 1% trypsin solution for 24 h). Under these conditions, the cells are still alive
but are stripped of their surface proteins. Membrane lipid content is una↵ected.
Figure 17 displays the micrographs of trypsin-treated E. coli and B. subtilis after
addition of NP1. There is binding of the NP to the bacterial surfaces, but the
clustering has disappeared in both cases. Surface protein removal does not preclude
particle association to the bacterial surface, but it does a↵ect the localization of these
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Figure 15: (A) The plasmonic peak red-shift of NP1 resulting from aggregation
on the cell surface of B. subtilis from 10 s to 650 s exposure time. E. coli proceeds
similarly but with a di↵ering final wavelength peak position and rate (not shown). (B)
Plasmon peak position over time for the aggregation of NP1 on the surface of E. coli
(blue) and B. subtilis (green) for trypsin treated (triangles) and untreated (squares)
cells and for cells treated with only bu↵er (black). Aggregation into clusters proceeds
more quickly and results in larger overall cluster formation in B. subtilis compared
to E. coli.
particles into discrete clusters. Thus, the particle association to the surface likely
arises from interactions with the bacterial membrane itself.
Whereas untreated bacteria exhibit both strain-specific cluster size and strain-
specific rate of cluster formation, trypsin-treated cells of both strains exhibit aggre-
gation kinetics that are almost superimposable (Figure 15B, blue and green triangles),
33
Figure 16: Rate of cluster formation (A) and degree of plasmon peak shift (B) for
trypsin-treated and untreated B. subtilis (blue) and E. coli (green). Both the rate of
formation and the final cluster size are the same for both strains following proteolytic
treatment.
with the same rate of formation and the same final number of coupled particles. This
results in a rate of surface attachment similar to that seen in B. subtilis and a final
plasmon shift similar to that observed in E. coli. These data suggest that the di↵er-
ence in surface proteins between B. subtilis and E. coli is likely responsible for the
di↵erence observed in the clustering on each strain but has little e↵ect on particle
attachment to the surface.
Figure 17: TEM micrograph of trypsin-treated (A) E. coli and (B) B. subtilis after 30
min exposure to NP1. Particle binding to the surface is apparent, but the clustering
e↵ects seen in cells that did not receive proteolytic treatment are markedly absent.
Scale bars are 200 nm.
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2.3.5 TEM Investigation of the Interaction of 2 nm AuNP Probes with
Bacterial Cell Walls
To explore this issue further, we exposed both B. subtilis and E. coli to 2 nm NP2.
Under these conditions, most B. subtilis cells rupture, while for E. coli (Figure 19)
time-dependent aggregation via blebbing occurs (Figure 18).
Figure 18: TEM micrograph of a lysed B. subtilis following treatment with 2 nm
NP2.
As seen withNP1,NP2 is initially relatively randomly distributed around the cell
membrane of E. coli (Figure 19A). After 90 s (Figure 19B), formation of protrusions
is visible. Additional NP2 particles congregate around the already-formed blebs.
After 5 min (Figure 19C), the aggregation process appears to have finished, and the
bacterial cells are spiked with nanoparticle towers that resemble arrested precursors
to the OMVs (outer membrane vesicles) observed in Reference [37].
2.3.6 Investigation of the Cytotxicity of 2 nm NP2 to Gram Positive
Bacteria
The rupture of B. subtilis in the presence of NP2 indicates that NP2 are con-
siderably more toxic than the larger NP1. Using a Vybrant cytotoxicity assay
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Figure 19: TEM images of various stages of interaction of NP2 with E. coli show-
ing the development of distinct aggregation patterns over time. Corresponding high
magnification views of the boxed areas are in the second panel. Times are (A) 20
sec, (B) 1.5 min, (C) 5 min, and (D) 17 min. Scale bars are 50 nm.
(See Appendix A), E. coli and B. subtilis were exposed to NP2 at various con-
centrations (100, 200, and 300 nM) followed by the addition of the substrate mix-
ture (G6PD/NADP+/resazurin). Wells containing bacteria and 1X lysis bu↵er were
treated as a positive control (100% membrane damage). The solution mixture was
incubated for 5 min at 37 oC, and the resulting fluorescence from the enzymatic
reaction was monitored over time using a fluorescent plate reader.
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Figure 20: Vybrant Cytotoxicity Assay results over time for E. coli treated with in-
creasing concentrations of NP2. Fluorescence intensity indicates degree of membrane
damage from exposure to NP2.
Figure 21: Vybrant Cytotoxicity Assay results over time for B. subtilis treated with
increasing concentrations of NP2. Fluorescence intensity indicates degree of mem-
brane damage from exposure to NP2.
Dose-dependent release of G6PD, an indicator of membrane damage, was ob-
served from B. subtilis, while E. coli showed significantly less release over 5 min
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(Figures 20, 21). We calculated the percent of lysed cells based on the positive con-
trol for both strains and found that after 5 min, ca. 80% of the B. subtilis cells had
su↵ered damage from NP2, while only 20% of E. coli were a↵ected. These e↵ects
are presented in summary in Figure 22.
Figure 22: Cell viability of B. subtilis (blue) and E. coli (green) following 600 sec
treatment with 100, 200, and 300 nM NP2 versus 0 nM control.
This enhanced toxicity to B. subtilis for the smaller, 2 nm NP1 is a surprising
juxtaposition to the lack of toxicity of the same particle to E. coli as well as the lack of
toxicity of the 6 nm NP2 to B. subtilis. Given the high degree of curvature witnessed
in the interaction of E. coli with NP2, it is possible that the increased susceptibility
of B. subtilis to NP1 may result from B. subtilis having only a single cell membrane,
whereas E. coli has two. This observation underlines the importance of understanding
the macroscopic arrangement of molecular species on cell membranes.
2.4 Concluding Remarks
In summary, hydrophobic, cationic AuNPs develop spatiotemporal aggregation pat-
terns on Gram+ and Gram- bacteria. The patterns depend upon the nature of the
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bacterium and the size of the AuNP. In B. subtilis, acute toxicity was observed for
the 2 nm particles, presumably a product of the high degree of membrane curvature
expected from the E. coli results coupled with the lack of a secondary cell wall in the
Gram-negative B. subtilis. The larger, 6 nm particles did not show any toxicity to
either bacterial strain but did aggregate onto specific loci on the bacteria.
Timed spectroscopic measurements with 6 nm particles in conjunction with TEM
data revealed that the clustering begins as a loose association of particles to the
surface and progresses to a state where the particles are organized into stable patches
on the cell surface. This e↵ect is more pronounced for B. subtilis, indicating the
presence of larger local hydrophobic or negatively charged regions on the surface of
these cells. Removal of surface proteins via proteolytic treatment led to normalization
of the clustering e↵ect for both Gram stain cell types, indicating the significant role
of surface proteins in the dynamics of the observed particle clustering process.
The pattern formation might be caused by the NP inducing hydrophobic regions
on the cell membrane to coalesce, or by the NP aggregating onto hydrophobic, anionic
hotspots already present on the bacteria. Regardless, the results are unexpected and
defy the notion that cationic NPs necessarily damage cell walls. Further, there are
implications that reach beyond the fundamental modi of interaction between NP and
cell wall. Cationic AuNPs might work as e↵ective adjuvants to known antibiotics, as
they have been shown to modify the cell surface. The treatment of multidrug-resistant
infections might also benefit from surface-binding NPs for related reasons.
Distinct topographic mapping of the bacterial surface by functionalized gold nano-
particles demonstrates the e↵ect of hydrophobicity and local charge on real-time
AuNP association on the surface of a living organism. The presence of surface pro-
teins also plays a significant role in the aggregation and ordering processes of AuNPs
on bacterial surfaces for both Gram stain types. Experiments with the smaller, hy-
drophobic NP1 and Gram-negative B. subtilis suggest the role of particle size and
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the degree induced membrane deformation in toxicity.
This study has opened a new window to the aggregation pattern of AuNP on cell
walls. Other AuNPs may provide access to a variety of di↵erent interaction modes.
It also might be possible to detect and explain regions of specific biological activity
using binding experiments performed during the infection of a eukaryotic cell by a
bacterium or during the cell division of bacterial cells.
Ancillary material for this section can be found in Appendix A.
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CHAPTER III
SOLAR ENERGY CONVERSION: TITANIUM DIOXIDE /
SEMICONDUCTING NANOCRYSTAL HYBRID
ELECTRODES FOR WASTEWATER TREATMENT
3.1 Chapter Summary
Titanium dioxide nanotubes o↵er distinct advantages over films of the same material
in the production of reactive species from water under irradiation. This can be used
for subsequent inactivation of Escherichia coli in wastewater. However, the visible
light absorption capability of titinium dioxide is limited. Semiconducting nanocrystals
of cadmium sulfide have been used to increase the sensitivity of TiO2 nanotubes to
visible light. A small applied potential, using CdS-coated TiO2 nanotube arrays,
allowed for total inactivation of E. coli in hitherto record short time. [17]
3.2 Global Energy Concerns of Today and Tomorrow
Secure, clean, sustainable energy is quite possibly the most important scientific chal-
lenge facing the world today, as acquisition of energy security has far-reaching reper-
cussions in areas such as national, environmental, and economic security. Further,
meeting the projected demands for the mid-21st century will neccessarily involve not
only increased e ciency at energy capture and use, but also some incredible advance-
ment in our ability to generate carbon-neutral energy, primarily from sunlight.
3.2.1 The Pressing Need for Carbon-Neutral Energy Sources
Factoring in both the increasing trend of global average energy consumption as well
as the decreasing trend in global average energy intensity, a result of improvements
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Table 2: Global energy and carbon dioxide emission estimates taken from Refer-
ence [19].
Units 2001 2050 2100
Population B persons 6.145 9.4 10.4
GDP T dollars/yr 46 140 284
Per capita GDP dollars/(person-yr) 7,470 14,850 27,320
Energy intensity W/(dollars/yr) 0.294 0.20 0.15
Energy consumption rate TW 13.5 27.6 43.0
Carbon intensity KgC/(W•yr) 0.49 0.40 0.31
Carbon emission rate GtC/yr 6.57 11.0 13.3
Equivalent CO2 emission rate GtCO2/yr 24.07 40.3 48.8
in technology throughout the energy production, distribution, and end-use chain, the
world energy consumption rate is projected to double by 2050 and to triple by 2100
(Table 2). [19] And, though there is argument concerning the amount of fossil fuel
reserves that remain on Earth, the use of these fuels is expected to inject an increasing
amount of CO2 into the environment. Indeed, even factoring in the relative decline
in carbon emissions rate versus total energy consumption as we move away from
high-carbon energy souces such as coal and toward low-carbon energy sources such
as natural gas, the world carbon emission rate is expected to increase from 6.6 (2001)
to 11.0 billion metric tons of carbon per year. [24]
While CO2 concentration in the environment does not necessarily determine the
global average temperature, it is known to have been highly correlated with temper-
ature swings over the past 650,000 years that have caused ice ages on the planet.
[26] During this 650,000 year time period, atmospheric CO2 concentration has only
fluctuated between 210 and 300 ppm. [26] In the past 50 years, CO2 concentration
has risen to an excess of 380 ppm. If left unchecked, this value could double the level
of preanthropogenic CO2 during the 21st century. Various models have been used
to predict the impact of this relatively rapid change in CO2 concentration on the
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environment, and their outcomes range from moderately disastrous to the end of life
on Earth. [26]
Given these projections, the development of carbon-neutral energy sources be-
comes increasingly critical. Three general methods exist to produce such large amounts
of carbon-neutral power: nuclear fission, carbon capture and storage, and renewable
energy. [19] Nuclear fission would exhaust the available terrestrial uranium resouces
in less than thirty years in addition to requiring construction of a full nuclear power
plant every 1.6 days to meet the projected energy demands. [12] For the second op-
tion, carbon capture and storage, to be viable, carbon would have to be sequestered
reliably in underground aquefiers with a leak rate of less than 1% over the course of
500-1000 years in order to keep the emitted flux less than that intended to be initially
mitigated. [23] To determine if this is even viable, at-scale experiments are needed
with extensive accompanying modeling, simulation, monitoring, and validation. [19]
The third choice becomes the most obviously valid, as renewable energy sources
abound. And, while wind, water, and geothermal sources have their own specific
drawbacks including regional availability and local environmental impacts, these will
remain useful energy sources in some regions of the world. However, of the various
renewable energy sources, solar energy dwarfs its competition in potential utility.
This derives from the fact that sunlight is not only available on virtually all parts of
the planet but also from the fact that more energy from the sun strikes the earth in
1 hour than is currently consumed in one year by the entire planet. [15]
3.3 Titanium Dioxide as a Photocatalyst
Since the 1960s, titanium dioxide (TiO2) has been the focus of much research in the
area of photoelectrochemical solar energy conversion. TiO2 is an excellent material
for photocatalysis, a fact that derives from several of its properties: it is inexpensive,
has excellent chemical stability, and its photogenerated holes are highly oxidixing
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(+2.53 V). [14] These holes react with water to produce hydroxyl radicals (OH•),
which can propogate through solution with only slightly decreased redox potential.
Its electrons have a redox potential of ca. -0.52 V, which would be negative enough
to generate hydrogen from water in the absence of electron trapping. However, even
with the posibility - and relative prevalance - of trapping, a significant number are
able to reduce molecular oxygen to superoxide (O 2 ) or hydrogen peroxide (H2O2).
All of these reactive species are important to the use of TiO2 that we present here,
though the redox power and prevalence of the OH• radical make it perhaps the most
important of these species. Three important reactions that take place on TiO2 are
given in equations 5, 6, and 7.
2H2O + 4h
+ ! O2 + 4H+ (5)
O2 + 2H
+ + 2e  ! H2O2 (6)
H2O + h
+ ! OH• +H+ (7)
These reactions are useful for a plethora of side-applications, including the uti-
lization of sunlight and titanium dioxide for the inactivation of bacteria in secondary
wastewater e✏uents.
3.4 Worldwide Wastewater Use and Corresponding Health
Concerns
With the rising human population and consequent urbanization and crowding of cities,
the world today faces increasing scarcity of good quality water resources. This has led
to an accelerating upward trend in the use of wastewater, excreta, and greywater1 for
1Greywater: Wastewater generated brom domextic activities such as laundry, dishwashing, or
bathing. Does not contain human waste.
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Figure 23: Water disease related deaths by country, adapted from the WHO report
Annual Assesment of Sanitization and Drinking Water. [25]
agriculture and aquaculture. [25] Human health bears the burden. Diarrhoeal disease
alone leads to the deaths of 1.8 million people every year, accounting for 4.1 % of
the global disease burden. Over 88 % of this burden can be attributed to unsafe
water supply, sanitation, and hygiene, and it is mostly concentrated in children in
developing countries (Figure 23). [25]
Over 1 billion people worldwide lack access to safe drinking water. This fact
leads to millions of deaths annually: of all child deaths annually, 18% are directly
attributable to unsafe drinking water, and of the 35% that can be attributed to mal-
nutrition, half of those malnutrition cases are themselves a result of unsafe drinking
water. [25] Additionally, many cancers, tooth/skeletal damage, cholera, and parasitic
infections (e.g. schistosomiasis2) lower quality of life in individuals without access to
proper sanitization and a safe water supply.
Treating this problem on a global scale will require access to cheap, reusable tech-
nologies capable of decontaminating water e✏uent. The a↵ordability and catalytic
properties of titanium dioxide and the availability of sunlight around the globe make
2On contact with humans, the parasite burrows into the skin, matures into another stage (schis-
tosomula), then migrates to the lungs and liver, where it matures into the adult form. The adult
worm then migrates to its preferred body part, depending on its species. These areas include the
bladder, rectum, intestines, liver, portal venous system, spleen, and lungs. [10]
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Figure 24: Extinction spectrum of titanium dioxide (grey) showing overlap with the
solar spectrum (yellow). TiO2 has poor light absorption capabilities in the visible,
which comprises the bulk of the solar spectrum.
the combination of these two quite attractive for wastewater treatment. However,
TiO2 displays limited absorption of visible light, which comprises the bulk of the so-
lar spectrum (Figure 24). To this end, we considered a method to enhance the visible
light-harvesting capability of titanium dioxide in order to more e ciently inactivate
harmful bacteria using sunlight.
3.5 Use of Titanium Dioxide in the Photoelectrochemical
Inactivation of Bacteria in Wastewater
Escherichia coli is a Gram-negative bacterium that is well known for its toxicity to
humans, being the cause of a✏ictions ranging from inflammations and peritonitis to
food poisoning and urinary infections. [20] This toxicity has led to the development of
many strategies to disinfect various media of these organisms, [11] and although many
semiconducting materials are being tested, titanium dioxide is still among the most
e cient and widely used catalysts in the disinfection of E. coli. [22] Hydroxyl radicals
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are potent inactivators of bacteria, as they rapidly decimate the organic components of
cells. [22] However, two barriers limit the use of TiO2 for photocatalytic inactivation
of bacteria using sunlight: its relatively low e ciency of sunlight utilization due to
its wide bandgap (3.0 - 3.2 eV) and its poor charge-transfer properties. [22]
3.5.1 TiO2 Nanotube Arrays
To avoid the need of recuperating TiO2 particles from water post-use, researchers
have turned to methods of immobilization of TiO2 particles, such as thin films. These
su↵er from poor charge transfer, leading to a high rate of electron-hole recombination.
Baram et al. [8] have very recently reported a great enhancement in the inactivation
of E. coli using immobilized, anodically fabricated TiO2 nanotube (NT) arrays[1, 6, 2]
in a photocatalytic cell. The aligned porosity, crystallinity, and oriented nature of
these arrays make them attractive electron percolation pathways for vectorial charge
transfer between interfaces. [4, 5, 3] Through the use of NT arrays, Baram et al.
achieved an inactivation interval of less than 10 min using 25 cm2 surface area NT
arrays, a UV light source, and an applied bias of 3-5 V
SEC
for bacterial solutions
with a concentration on the order of 106 CFU/mL E. coli. [8] These results are quite
promising for the use of NTs in water treatment; however, the system is still limited
by the weak visible light absorption capability of the TiO2 NTs.
3.5.2 Limited Solar Light Absorption of TiO2
More e cient visible light utilization would render this system quite attractive for
disinfection procedures with sunlight as the energy source. Recent and very active
research relates to the anchoring of small-bandgap nanocrystals to wide-bandgap
semi-conducting metal oxides, rendering these oxides sensitive to visible light. [9, 21]
Of particular interest are CdS nanocrystals, which have a relatively small bandgap
and thus are capable of harvesting photons in the visible and near-infrared regions.
[7]
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Figure 25: Band-gap diagram for titanium dioxide coupled to cadmium sulfide. Illus-
trates how CdS helps TiO2 to harvest energy outside the region over which it normally
absorbs.
The use of CdS is shown to enhance the charge carrier separation process[7] and
consequently is expected to enhance the inactivation e ciency of E. coli in wastewater
(Figure 25). In this regard, a complex system (Pt/CdS/TiO2) was investigated, [18]
but this system su↵ers from the drawbacks of higher cost (from Pt) and poor charge
transfer as a result of its multijunction nature and the high level of CdS coverage,
which is shown in this work to adversely a↵ect the inactivation e ciency of E. coli. In
the present work, we explored the capabilities of a simpler system, TiO2/CdS hybrid
electrodes for the disinfection of water contaminated by E. coli. Using this hybrid
system, total inactivation of E. coli was achieved in less than 3 min using a small
chip (1 cm2), a relatively small applied bias (0.5 V), and a white, CW (xenon) light
source.
Two sets of experiments were performed to explore the e ciency of our material
to inactivate E. coli : photochemical (light only) and photoelectrochemical (light and
applied bias). For the sake of comparison, three types of semiconductor electrodes
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were used in each experiment: TiO2 thin films, TiO2 NT arrays, and TiO2 NT/CdS
hybrid arrays.
3.5.3 Electrode Characterization
Figure 30 shows the di↵use reflectance spectroscopy (DRS) UV-vis spectra of the
three electrodes. Note that the absorption edge of the hybrid electrode is shifted
bathochromically (ca. 570 nm) from that of the TiO2 thin film and NT (ca. 300 nm).





the estimated bandgap of the hybrid electrode is 2.17 eV, indicating the ability of the
hybrid array to harvest visible light.
Figure 26: FESEM images of TiO2 thin film (A), a titanium dioxide nanotube array
(B), and a TiO2 nanotube/CdS hybrid electrode.
Figure 26 shows scanning electron microscopy (SEM) images of the three elec-
trodes used in this study. It can be seen that the oxide film is homogeneous and
covers the entire surface (Figure 26A). In the cross-sectional view of the NT arrays
(Figure 26B), the tubular structure is evident, with nearly uniform wall thicknesses
and NT lengths (1.0± 0.1 µm). The FESEM of the hybrid electrode shows crystallites
of CdS scattered on the NT surface (Figure 26C). X-ray photoelectron spectroscopy
(XPS) analyses confirm the composition of the three electrodes (Figure 27).
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Figure 27: XPS spectra of CdS/TiO2 nanotube hybrid electrode
The formation of titanium dioxide is evident from the O 1s and Ti 2p peaks, with
a Ti/O molar ratio close to the stoichiometric proportion (Figure 27). Note that
both Ti peaks, 2p3/2 and 2p1/2, are observed with a spin-orbit splitting of 5.7 eV,
confirming that both signals correspond to Ti4+. [6] Peaks for Cd and S were also
detected for the hybrid electrode.
3.5.4 Photochemical and Photoelectrochemical Inactivation of Bacteria
In the photochemical study, electrodes were immersed in separate solutions containing
E. coli in sulfate bu↵er (200 mL, 107 cfu E. coli, 1.4 mM Na2SO4) under stirring and
illumination from a xenon lamp (150 mW/cm2), with a water filter to block the IR,
and samples were collected every 10 min, then diluted, plated, and cultured via the
traditional plating and culturing method. Colonies were counted, and then dilution
factor was used to back-calculate the bacteria concentration at each timpoint. Full
experimental details can be found in Appendix B. E. coli inactivation with the same
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Figure 28: Percent survivability for E. coli treated via the photochemical (left) and
photoelectrochemical (right) methods with TiO2 thin film (red), TiO2 nanotubes
(green), and TiO2/CdS hybrid electrodes (blue).
set-up was measured without any illumination and found to be negligible. For the
photoelectrochemical study, a two-electrode electrochemical cell (35 mL, Figure 30)
was used with the semiconductor material as the working electrode and Pt foil as the
counter electrode under a constant applied potential of 0.5 V and illumination from
a xenon lamp (150 mW/cm2). Samples were collected every 10 min for the thin film,
every 5 min for the NT array, and every 1 min for the CdS-coated NT arrays.
Figure 28 (left) shows the results obtained from the photochemical experiment;
use of the hybrid electrode led to an almost complete inactivation of E. coli in only 10
min without any applied bias. Meanwhile, the use of both the thin film and the pure
NT array led to the inactivation of only 40% and 45% of the bacteria, respectively,
even after 40 min exposure under the xenon lamp. The enhanced charge transfer
and light absorption capability of the hybrid electrode render it more e cient and
account for the observed increase in the inactivation rate of E. coli as compared to
the thin film and the pure NT electrodes.
Figure 28 (right) shows the inactivation of E. coli in the photoelectrochemical
experiment under 0.5 V applied bias, to help separate the charge carriers. It is
evident that the use of the TiO2/CdS hybrid electrode resulted in the inactivation of
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Figure 29: Schematic and photograph of the photoelectrochemical setup used for
bacterial inactivation with TiO2. The photochemical set up employed the same con-
stituents, but no bias was placed across the electrodes.
Figure 30: Di↵use reflectance spectroscopy UV-vis spectra of TiO2 thin film (red),
TiO2 nanotubes (blue), and CdS/TiO2 nanotube hybrid (green) electrodes.
the E. coli in only 3 min (Figure 31).
To quantify the kinetics of the inactivation process, we used the Chick model [13]
to estimate the inactivation rate constants (Table 3). Our estimated rate constants
for the TiO2 NTs and thin films are in very good agreement with those reported by
Baram et al., [8] provided that lamp intensity, chip area, and current discrepancies are
taken into consideration. However, our hybrid electrode showed marked inactivation
rate improvements: a 1928% improvement over the thin-film electrodes and a 396%
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Figure 31: Inactivation rates for E. coli treated via the photochemical (left) and
photoelectrochemical (right) methods with TiO2 thin film (red), TiO2 nanotubes
(green), and CdS/TiO2 nanotube hybrid electrodes (blue).
Table 3: Inactivation rates of E. coli under photochemical and photoelectrochemical




Thin Film TiO2 0.0093 0.0581
TiO2 Nanotubes 0.0122 0.283
TiO2 Nanotube/CdS Hybrid 0.0833 1.12
improvement over the inactivation rate displayed by the pure NT arrays (Figure 31,
right).
We observed a relationship between the degree of CdS coverage of the NT array
surface and the inactivation e ciency. When CdS was made to cover the entire surface
completely (more than three layers), the chips displayed little to no inactivation
ability. This is in agreement with Guijarro et al., [16] who reported a severe drop in
the incident photon-to-electron conversion e ciency (IPCE) of their solar cell device
when their TiO2 surface was completely blocked from solvent contact by CdSe. The
need for a sparse coverage of nanocrystals on the NT surface is both economically and
environmentally promising for the use of these types of systems in water treatment
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Figure 32: Inactivation rate summary for both photochemical and photoelectrochem-
ical experiments using titanium dioxide thin film (red), titanium dioxide nanotubes
(green), and CdS/titanium dioxide nanotube hybrid (blue) electrodes.
procedures.
3.6 Concluding Remarks
We documented the inactivation of E. coli in aqueous media at a previously unattain-
able rate using CdS to bridge the bandgap discrepancy and render TiO2 sensitive to
visible light. The rate was shown to be even further improved upon the use of a
small applied potential. This work is a step toward realizing more e cient wastewa-
ter treatment systems and has possible applications in the field of energy production.
Work with other bandgap-bridging materials and with deposition procedures to more
precisely control the deposited nanocrystals will further reveal the applicability of
these results.
The utility of nanostructures in increasing the light absorption capability of other
species is not confined to this system. The following two chapters present variations
on this theme: first continuing in the field of solar energy conversion and second in
the photodynamic treatment of cancers.
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CHAPTER IV
SOLAR ENERGY CONVERSION: BIOMIMETIC
PHOTOVOLTAICS WITH THE PHOTOSYNTHETIC
PROTEIN, BACTERIORHODOPSIN
4.1 Chapter Summary
Bacteriorhodopsin (bR) is a light-transducing membrane protein proton pump that
is easily cultured and isolated from certain strains of halophilic bacteria. We have
explored the plasmonic field enhancement of bR photocurrent production by maximiz-
ing the blue light e↵ect. In the blue light e↵ect, the influx of blue photons absorbed
by the long-lived M intermediate drastically shortens the time scale of the bR photo-
cycle, leading to current enhancement. To this end, we used three approaches in our
solution-based cell: (1) We improved the charge carrier separation in solution through
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the use of a proton-selective Nafion membrane. (2) We maximized the plasmonic sur-
face field e↵ects by selecting the capping polymer with minimum surface field screen-
ing and best nanoparticle stability. (3) We selected the plasmonic nanoparticle with
the strongest plasmonic field whose surface plasmon resonance has the best spec-
tral overlap with the absorption of the M intermediate. Theoretical models are used
to explain experimental results, which show a 40 nm cuboidal nanoparticle capped
with 55k PVP polymer to give the best photocurrent enhancement. Enhanced by
this particle, bR in our Nafion membrane solution cell gave a photocurrent of 0.21
µA/cm3, which is 5000 times larger than the best published results for thin film bR
electrochemical cells even with an applied bias. [59]
4.2 Solar Energy Conversion in Nature: Photosynthesis
Photosynthesis provides the energy for virtually all life on Earth, as well as the molec-
ular oxygen necessary for the survival of aerobic organisms, such as monkeys. [57]
This photochemical process involves the conversion of solar radiation into energy used
to drive metabolic pathways and the synthesis of organic compounds. [48] When light
is absorbed by a photosynthetic organism, the energy is converted and stored as high-
energy molecular bonds in adenosine triphosphate (ATP), the primary energy carrier
of living cells. Green plants containing chlrophyll are the most conspicuous photosyn-
thetic organisms; however some bacteria and blue-green algae also use photosynthesis
to power their cellular processes.
4.3 Bacteriorhodopsin, a Photosynthetic Protein
4.3.1 Halobacterium halobium
Like chlorophyll, bacteriorhodopsin is also a protein that is capable of photosynthe-
sis. This protein is isolated from Halobacterium halobium, a bipolarly flagellated,
rod-shaped bacterium approximately half a micron in diameter and 5 microns long
(Figure 33). [28, 24]
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Figure 33: Rendering of the bipolarly-flagellated Halobacterium Halobium showing
Purple Membrane two-dimensional crystalline patches.
As their name indicates, these halophilic bacteria thrive in environments with
high salt concentrations (>3 M NaCl)[29, 41] such as those that have resulted from
water evaporation such as the Great Salt Lake, the Dead Sea, and the salt marshes of
the San Francisco Bay area. In fact, the original strain of bR that has been cultured
and studied by our lab for almost 40 years was scavanged from these salt marshes
with a five-gallon bucket in the 1970s. These bacteria are preferential aerobes, using
molecular oxygen to power their cellular processes. [40] However, the solubility of O2
is quite low in brine ponds, which often reach concentrations upwards of 4 M NaCl.
Thus, Halobacterium halobium has evolved the ability to convert sunlight into energy
for cellular processes in the absence of O2.
4.3.2 The Purple Membrane
The plasma membrane of H. halobium is riddled with two-dimensional crystalline
patches known as the purple membrane, or PM, [40, 44, 14] which are comprised
mainly of the light-absorbing pigment, bR (ca. 75% protein, ca. 25% lipid by weight).
[33, 35, 13] Bacteriorhodopsin is the simplest light-driven proton pump known; it is
composed of seven alpha helices (248 amino acids), most of which are embedded in
the membrane, and one interior retinal chromophore (Figure 34) in a two-dimensional
hexagonal structure. [40, 44, 14, 33, 34, 13] It is this retinal chromophore that is
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Figure 34: Rendering of the bacteriorhodopsin protein, composed of seven trans-
membrane alpha helices (emphasized in rainbow, right) and an internal retinal chro-
mophore (molecular structure in middle, emphasized yellow on right).
responsible for the observed brilliant purple color of bR solutions.
4.3.3 The Bacteriorhopsin Protein
The transmembrane bacteriorhodopsin has a length of ca. 4.7 nm and a width of 2.5 -
3.5 nm, excluding its conjugated lipids (Figure 35). The bR protein o↵ers advantages
for its ease of generation and handling, as well as for its durability over a wide range of
temperature and salt concentration ranges and preserved functionality over a wide pH
range. [54, 63] It is also highly resistant to chemical and photochemical degradation.
[63]
Following photoexcitation, bR molecules relax to their ground state via a series
of conformational changes that allow this light-driven proton pump to move protons
from the cytoplasmic to the extracellular side of its membrane. [36] This creates a
proton gradient (electrochemical) that is used by the cell under anaerobic conditions
for the formation of ATP from adenosine diphosphate (ADP) and inorganic phos-
phate (P
i
) in a process that very closely resembles that used by mitochondria and
chloroplasts: protons flow back across the membrane through the enzyme ATPase
71
Figure 35: Schmatic rendering showing bR embedded in the membrane and coupling
of the bR-produced electrochemical gradient to ATPase activity.
(Figure 35). [2] However, halobacteria neither produce O2 nor carry out photoreduc-
tion of NADP+, which illustrates the less evolved nature of their phototransducing
machinery compared to cyanobacteria or higher plants. [38]
4.3.4 The Retinal Chromophore
In the native, ground-state protein conformation, the retinal chromophore is bound
to Lys-216 via a Schi↵ base linkage. [20] The chromophore is oriented ca. 20 degrees
to perpendicular with respect to the membrane plane. It is located roughly midway
through the membrane, dividing the protein cavity into two half-channels. [10] The
outer-membrane half-channel contains polar residues that facilitate the transport of
protons in concert with the nearby peptides. In contrast, the intra-membrane half-
channel is mostly hydrophobic.
When a solution of bR is kept in the dark, the retinal chromophores reach an
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Figure 36: Retinal isomerization from the all-trans to the 13-cis conformation via
absorption of a yellow photon begins the bR photocycle, during which bR uses the
energy associated with the 13-cis conformation to drive the rest of the photocycle
and pump a proton from the intra- to the extra-cellular space.
equilibrium between the all-trans and 13-cis conformations with roughly half of the
chromophores having one configuration and the rest having the other. [49] This
dark-adapted state has an absorption maximum at 560 nm, but it is broad enough
that a wide range of light can initiate the photocycle. Upon photoexcitation and
the resulting isomerization of the retinal chromophore, the protein begins a series of
conformational changes to reprotonate the Schi↵ base and thereby return to the all-
trans ground state by moving a proton from the intra- to the extra-membrane channel
via a conformational change from its all-trans to its 13-cis conformation (Figure 36).
This is performed in concert with its two facilitating residues, Asp-96 and Asp-85,
which stabilize the Schi↵ base.
Overall, this deprotonation and reprotonation provides for vectorial proton trans-
port through the membrane, while the geometry and electrostatic interactions be-
tween the Schi↵ base and its surrounding dipoles and charges (Asp-85, Asp-212, and
Arg-82) tune the absorption maximum of bR to fit its biological function. [31] The
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initiation of this progression, or photocycle, is characterized by a shift in the bR ab-
sorption peak to 568 nm, as the ratio of all-trans to 13-cis shifts from ca. 50:50 to
ca. 95:5. [21] This is known as the light-adapted state of bR, and all experiments
presented in this thesis were performed with bR that had been illuminated for at
least 15 minutes to ensure that bR is in this light-adapted state. The specifics of this
photocycle are discussed forthwith.
4.3.5 The Bacteriorhodopsin Photocycle
Bacteriorhodopsin has been the subject of intense study for decades. As a result,
the lattice parameters of crystallized PM have been investigated extensively, and bR
was the first membrane protein to have its crystal structure solved. [20] As a result,
the specifics of the conformation change iterations that comprise its photocycle have
been very well characterized. A simplified scheme of the photocycle is presented
in Figure 37. Each intermediate state along the path back to ground-state bR has
its own discrete absorbance profile and lifetime. The absorption maximum of each
intermediate derives from the conformation of the retinal-protein system, and each
maximum is represented in Figure 37 by the color of its box.
4.3.5.1 Proton Expulsion to the Extracellular Environment; Schi↵ Base Depro-
tonation
Ground state bR absorbs photons in the yellow (peak at 560 nm), initiating a tran-
sition through the incredibly short-lived (ca. 500 fs) I intermediate, an electronically
excited state, the specifics of which are still a matter of some debate. [61, 55, 50, 15]
The J intermediate, a thermally excited version of the ground state, follows. The
vibrationally-hot J state decays after only 2.5 ps, [10, 3] giving rise to immediate
charge separation via formation of the 13-cis K, the first intermediate that has been
isolated at low temperature. [4]
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Figure 37: Simplified schematic of the bR photocycle. The photocycle is initiated
upon the absorption of light by the retinal chromophore. The formation of M is asso-
ciated with the loss of a proton to the exterior of the membrane, while the formation of
N involves reprotonation of the system by a proton inside the membrane. As a result,
a proton gradient is created across the membrane. The M intermediate can either
thermally relax to the bR ground state through a series of conformational changes in
a time of 15 ms, or can be photochemically converted back to the bR ground-state
in a time of 200 ns via absorption of blue light. The color of the box around each
intermediate reflects its spectral absorbance maximum in the visible region.
The K intermediate involves a highly strained, 13-cis retinal conformation con-
taining enough excess enthalpy (50 kJ
mol
) to drive the rest of the photocycle. [47] K
converts to L over the course of ca. 1 µs, as rearrangements at the protein level
relax the retinal somewhat, changing the local environment such that the pK
a
value
of the protonated Schi↵ base is lowered to ca. 8 and raising that of Asp-85 to ca. 9.
[63] This renders Schi↵ base deprotonation - the transition to M - more energetically
favorable. [30, 63]
M is formed from L as the proton is transferred from the Schi↵ base to Asp-85.
This is witnessed by a relatively large hypsochromic shift in the absorbance peak
maximum, giving rise to the blue-absorbing M intermediate, an integral component
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to this thesis that will be explored in detail in Section 4.3.6. M is often described as
having multiple sub-states; these do not involve changes in the bR protein itself, but
rather are associated with clustering and rearrangement of hydrogen-bonded water in
the cytoplasmic half-channel[62, 46, 52, 5, 53] that alters the pK
a
of Asp-96 in such
a way as to facilitate the M-to-N transition. [32]
This portion of the photocycle results in relatively rapid expulsion of a proton to
the extracellular environment and, notably, requires only ca. 51.5 µs in total.
4.3.5.2 Proton Uptake from the Intracelluar Environment; Schi↵ Base Reproto-
nation
M decays to N under normal conditions as the Schi↵ base is reprotonated by Asp-96
from the cytoplasmic side of the membrane. [16] This is witnessed physcially, by a
bending in the alpha-helices that increases the channel size on the cytoplasmic side, as
well as spectrally, by a bathochromic shift in the absorbance maximum. [22] Having
given up its proton in the M!N transition, Asp-96 recuperates said proton in the
N!O transition. This is concurrent with the reisomerization of the Schi↵ base back
to an all-trans conformation, suggesting what was proven in 1998 by Dioumaev - that
the two events are coupled. [9]
The O-state is metastable;[45] as a result, little is known regarding its crystal
structure. However, it is known to have a large, bathochromically-shifted absorbance
in the red (ca. 680 nm). The O-state decays back to the bR ground state via
deprotonation of Asp-85, the residue responsible earlier in the photocycle for accepting
the Schi↵ base proton in the proton expulsion phase (L!M transition). The five main
proton transfer steps are rendered schematically in Figure 38.
This portion of the photocycle, from M to ground state, requires ca. 15 ms and
therefore comprises the bulk (> 99.7%) of the photocycle timescale. This fact gains
vital import in Section 4.3.6.
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Figure 38: Schematic representation of the proton transfer steps in the bR photocycle,
overlaid on the ground state model (ribbon representation in green, showing helices
A to G). Strategic residues that participate in the proton transfer (Asp96, Asp85,
Arg82, Glu194, Glu204), as well as the retinal bound to Lys216, are highlighted. The
primary proton transfer (1) is from the Schi↵ base to Asp85. A proton is released to
the extracellular medium (2) by the proton release group, thought to be formed by
Glu194, Glu204 and water molecules. The Schi↵ base is subsequently reprotonated
from Asp96 (3) which is then reprotonated from the cytoplasmic medium (4). The
final proton transfer step (5) from Asp85 to the proton release group (via Arg82)
restores the ground state. [39]
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Figure 39: Extinction profiles of the main bR photocycle intermediates discussed in
this thesis. The strong absorption of the M intermediate at ca. 410 nm gives rise to
the blue light e↵ect, which reduces the time associated with the bR photocycle by ca.
99.7%. Adapted from Birge et al. [1].
4.3.6 The Blue Light E↵ect
Following formation of the M intermediate, there are two pathways back to the
ground state. Under normal conditions, the photocycle progresses through a series
of relatively slow confomational changes to undergo thermal relaxation through the
M!N!O!bR pathway (Section 4.3.5.2), which requires 15 ms. [43, 27] The second
pathway is a photochemical process that occurs rarely in nature and is denoted as
M!bR (Figure 37). This pathway is known as the blue light e↵ect, and requires only
ca. 200 ns. [37, 18]
The existence of the blue light e↵ect derives from the strong absorbance of the
M intermediate at ca. 410 nm (Figure 39). The blue light e↵ect occurs when the M
intermediate absorbs a blue photon (ca. 400 nm), resulting in chromophore reisomer-
ization from 13-cis to all-trans in picoseconds and giving rise to the M’ intermediate.
M’ then quickly decays to the ground state as the Schi↵ base is reprotonated in ca.
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200 nanseconds. [22, 39] This second pathway shortens the traditional photocycle by
99.7%. This is advantageous for applications of bR in current production, as more
rapid proton pumping yields greater charge carrier separation, which provides for
increased photocurrent generation.
4.3.7 Bacteriorhodopsin Photocurrent
Under continuous wavelength (cw) illumination, bR exhibits a stationary photocur-
rent as it transforms light energy into electrochemical energy in the form of a proton
gradient across its membrane. [7, 23, 56] The unique characteristics of bR (e.g. ease
of generation, handling, and durability [54, 63]) make it promising for applications in
solar energy. However, a limitation arises from the relatively poor native solar energy
conversion e ciency of bR [56] compared to other materials, such as semiconducting
metal oxides. [19] Table 4] gives some reported values for photocurrent production
by bR thin film systems from a literature review by Jin et al. on this topic. [25] Jin
et al. normalized the values to a per-monolayer basis, and the di↵erences in device
configurations and experimental set-ups are indicated. As indicated in Table 4, pho-
tocurrent values reported for bR thin film systems range on the picoampere scale (0.2
- 40 pA cm2 per monolayer) even with the use of an applied bias.
4.3.8 The Laser Dynamics Lab 3D Photo-Electrochemical Cell
Recently, our group constructed a solution-based electrochemical cell that has no
need for an external bias and does not require bR film preparation. [6] This cell
is composed of ITO glass, O-rings, and a molecular porous membrane (Figure 40).
The membrane allows for charge-carrier flux between the working (bR, citrate bu↵er)
and reference cells (citrate bu↵er) while preventing the flux of the protein. Under
continuous wavelength illumination, this cell exibits a stationary photocurrent of 1.5
nA/cm3, [6] an almost two-orders-of-magnitude increase over reported values for bR
thin-films per unit surface area.
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Table 4: Comparison of photovoltage and/or photocurrent values attained for mono-























1 µm OFf No







4 µm OF Yes





10 µm OF No





100 µm OF Yes


























Square wave,   =







0.5 µm OF (in
polymer)
Yes
CW pump source 2







PVA (100 µm) Yes







LBLk No Laser,   = 532 nm 15mV none
a Values are per monolayer and assume that the photo-voltage/-current response of bR
is linearly proportional to the number of bR monolayers, i.e., the data are normalized in
terms of the bR content in the multilayers.b Measurement taken under an external bias of
20 V. c /-/ = A gap in the circuit - open circuit measurement. d ML = monolayer. e I
ph
=
photocurrent. f OF = electric sedimentation oriented film. g PV = photovoltage. h BGO
= bimuth germanium oxide. i PVA = poly(vinyl alcohol). j AM = apomembrane. k LBL
= layer by layer with PDAC.
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Figure 40: LDL bR electrochemical cell schematic
4.4 Plasmonic Nanoparticle Enhancement of the Bacteri-
orhodopsin Photocurrent
In an e↵ort to enhance the photocurrent generation of bR further, we exploited the
surface plasmon e↵ect, which is induced by coupling of the incident electromagnetic
light wave with the conduction band electrons in a metal nanoparticle. Silver nanopar-
ticles, in particular, have a plasmon resonance band that overlaps well with the M
intermediate absorption in the blue wavelength region and should enable us to inten-
sify what is known as the blue light e↵ect. [58, 22]
Yen et al. reported that the bR photocurrent is greatly enhanced in the presence of
silver nanoparticles when the electrochemical cell is exposed to blue light (Figure 41).
[58]
The plasmonic field of silver nanoparticles causes them to function like nanoscale
lenses and greatly enhances the flux of blue photons. What follows is an enhance-
ment of the blue light e↵ect and a consequent increase in the rate of proton release.
This results in an enhanced steady-state proton concentration and photocurrent. The
maximum photocurrent reported previously by our lab is 25 nA/cm3, using bR mixed
with silver nanoparticles (1.2 nM) capped with citrate molecules. [58] These values
were reproduced and are shown in Figure 41 both under full visible spectrum irradi-
ation (left) and under the same irradiation but using a filter to block the blue light
(right). When bR is in the presence of silver nanospheres but the blue light is blocked,
the steady-state photocurrent is the same as that observed for native, un-enhanced
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Figure 41: Bacteriorhodopsin photocurrent generation in the presence of 0 nM (black),
1 nM (blue), and 2 nM (green) silver nanospheres under full spectrum visible CW
light (left) and under the same irradiation but using a filter to block the blue light
(right). Illustrates that the photocurrent enhancement seen in the presence of silver
nanospheres is indeed a product of the blue light e↵ect.
bR.
To make bR more promising for solar energy applications, we must maximize the
photocurrent generation, which requires maximization of each of three enhancement
components. Each of these components is treated in turn in the following sections:
1. Maximize the proton polarization in the solution cell. The nonselective porous
membrane is substituted for a proton-selective Nafion membrane.
2. Minimize screening of surface field intensity by optimizing the capping material
thickness around the nanoparticle. The charged nature of the Nafion membrane
precludes the use of capping agents such as citrate. The most favorable molec-
ular weight of a neutral polymer capping agent (PVP) was chosen based on
maximum photocurrent enhancement and best stability.
3. Maximize the plasmonic field intensity and spectral overlap with the M inter-
mediate to maximize the blue light e↵ect.
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4.4.1 Minimizing Ionic Depolarization E↵ects
A porous membrane was used in our previous bR electrochemical cell to separate the
two half-cells (bR working cell and reference cell, Section 4.3.8). [58] Porous mem-
branes are attractive for their low cost, but they su↵er from nonselective transport
of cations and anions across the membrane. [17] This leads to an initial spike in the
photocurrent density that results from rapid proton flux across the membrane, and
it is followed by a decay in photocurrent density as the larger, bulkier anions traverse
the membrane and begin neutralizing some of the charges (Figure 42). This porous
membrane generated a stationary photocurrent of 1.5 nA/cm3, which is only 7% of
the intensity of the initially formed photocurrent (20 nA/cm3).
Figure 42: Bacteriorhodopsin native photocurrent generation using porous (green)
and Nafion (black) membranes. The steady state current is enhanced as a result of
the proton selectivity of the Nafion membrane.
Known for their ability to generate stable photocurrents, Nafion membranes have
come into widespread use for applications in areas such as proton exchange membrane
(PEM) fuel cells. [42] These membranes exhibit selectivity for cations through the
use of anionic channels and thereby limit the flux of anions across the membrane
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(Figure 43). [60] This increases the overall charge carrier separation and allows for a
stable photocurrent (4.6 nA/cm3) that is higher than that generated by the porous
membrane. Figure 42 illustrates this gain in the steady state current. However, it also
shows that we did not reach the initial polarization seen in the transient spike with the
porous membrane. This might suggest that by finding a more e cient cation-selective
membrane, we might get a great deal more current enhancement.
Figure 43: LDL wet electrochemical cell schematic with Nafion membrane. The chem-
istry of the Nafion membrane pores is depicted in the zoom. The proton-selectivity
of this membrane arises from its negatively-charged, sulfate-group-lined pores.
4.4.2 Minimizing Shielding of the Surface Plasmon Fields
The previously used citrate-capped silver nanoparticles (Section 4.3.8) are not suit-
able for this work, as the charged nature of the Nafion membrane destabilizes charged
capping agents and leads to particle aggregation. We instead examined several di↵er-
ent molecular weights of polyvinylpyrrolidone (PVP) polymers in order to select the
polymer providing the best stability with the thinnest capping shell, as shell thick-
ness screens the nanoparticle surface field felt by the bR molecules in solution. We
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studied both the plasmonic field enhancement of the bR photocurrent and the sta-
bility of the silver nanoparticles as a function of capping shell thickness. The silver
nanospheres with varied chain-length PVP capping agent were prepared via a polyol
process[51] using PVP polymers of 10k, 55k, and 365k g/mol molecular weight in
separate syntheses (procedure and instrumentation in Appendix C). The synthesized
silver spherical nanoparticles of roughly 40 nm (±5 nm) diameter showed excellent
spectral overlap with the M intermediate absorption in bR (Figure 44).
Figure 44: Extinction spectra of silver nanospheres capped with 10k (blue), 55k
(green), and 365k (red), M.W. PVP showing spectral overlap with the M intermediate
of bR (shaded cyan).
The dynamic light scattering (DLS) technique was used to measure the hydro-
dynamic diameter of the resulting particles, and transmission electron microscopy
(TEM) was used to measure the diameter of the metallic core. Since the particles
have the same capping material, subtraction of the core radii from the hydrodynamic
radii provides the relative capping shell thicknesses (Figure 45).
The full length of the smallest molecular weight PVP is approximately 600 nm,
which is much larger than the thickness of the corresponding capping shell (18 nm).
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Figure 45: Hydrodynamic diameter (blue) and relative capping shell thickness (green)
for 10k, 55k, and 365k M.W. PVP-capped silver spheres.
This suggests that the PVP is wrapped around the nanoparticles in a complex manner.
Error bars on the hydrodynamic diameter represent the standard deviation among the
20 DLS measurements for each sample, and error bars on the capping shell thicknesses
are propagated from both the hydrodynamic diameter measurements and the TEM
measurements.
Figure 51 (black) shows the photocurrent generation of a solution of bR and of
bR/silver nanoparticle mixtures. During the irradiation period, the photocurrent
reached a maximum steady state in about 50 ms and retained this maximum for the
duration of the irradiation period. This plateau feature in the photocurrent profile
and lack of spiking are a result of the proton selectivity of the Nafion membrane. Pho-
tocurrent measurements of bR in the presence of equivalent concentrations (2 nM) of
each of our silver nanoparticles in turn showed an enhancement of the photocurrent
with decreasing capping shell thickness (Figure 46, red, green, blue). Stronger e↵ec-
tive field intensity from thinner capping shells yields larger photocurrent enhancement
for these particles with virtually the same spectral overlap with the M intermediate
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Figure 46: Bacteriorhodopsin native photocurrent generation (black) and bR pho-
tocurrent generation under enhancement by 40 nm silver spheres capped with PVP
of MW 10k (blue), 55k (green), and 365k (red).
Figure 47: Capping shell thickness (green) and bR photocurrent density (black) for
silver spheres capped with PVP of the designated molecular weight. This inverse
relationship results from the capping material shielding the particle plasmonic field.
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(Figure 44). This relationship between photocurrent generation and capping shell
thickness is shown in Figure 47.
Field strength is as critical as postulated, and the 10k PVP-capped spheres pro-
vided the best enhancement of the photocurrent; however, particle instability was
noted spectrally and via TEM after several 10 min experiments with the same 10k
PVP-capped particles. In contrast, the 55k- and 365k-capped particles showed sta-
bility up to at least 1 week in the presence of the reaction mixture of bR and citrate
bu↵er, suggesting 55k PVP-capped particles to be the most attractive choice for their
balance of large photocurrent enhancement and good long-term stability.
4.4.3 Particle Shape E↵ects: Importance of Spectral Overlap and Surface
Field Strength.
Since the 55k MW PVP provides for the best particle stability with the least detri-
ment to plasmonic field strength, we used this capping agent in our e↵orts to study
the shape dependence of silver nanoparticles on photocurrent enhancement. The
unique surface plasmon resonance of metal nanoparticles is highly sensitive to their
local environment as well as their size, shape, and composition. [26, 8] In the pre-
vious section (Section 4.4.2), we focused solely on spherical silver nanospheres, as
their surface plasmon resonance spectrum has the best overlap with M intermediate
absorption. Changing the shape of the particle to increase the field intensity should
increase the photocurrent enhancement. However, altering particle shape also shifts
the absorbance profile, thereby altering spectral overlap with the M intermediate. We
examined a progression of shapes from spheres to cubes, all capped with 55k PVP
and having very similar capping shell thicknesses (Figure 44), in order to find the
particle with both the strongest field and the best spectral overlap of the plasmon
with the M intermediate absorption.
Figure 48 shows the TEM images of these particles, which are referred to herein
as perfect cubes, cubes with slightly truncated corners (cuboid-B), cubes with highly
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Figure 48: TEM images of spheres (1), cuboid-A with highly truncated corners
(2), cuboid-B with slightly truncated corners (3), and perfect cubes (4) with shape-
representative image frames. (Scale bars = 100 nm.)
truncated corners (cuboid-A), and cubes with fully truncated corners (spheres). All
crystalline nanoparticles (spheres, cubes, and cuboids) were synthesized using the
same chemicals, reaction vessels, heat settings, capping agents, and cleaning tech-
niques to ensure that particle and medium composition were consistent throughout.
Shape variations were achieved by altering solution perturbation speed during syn-
thesis, with slow stirring (ca. 300 rpm) yielding cubes, high stirring (ca. 900 rpm)
generating spheres, and intermediate stirring (ca. 450, ca. 550 rpm) yielding cuboids.
Metal nanoparticles with features such as corners and edges (e.g., prisms, cubes)
are known to exhibit larger plasmonic field intensities than particles lacking these
geometric features (spheres). We performed discrete dipole approximation (DDA)
calculations [11, 12] for a 40 nm silver sphere and a 40 nm edge length cube (Fig-
ure 49). When shown on the same field intensity scale, cubes show the expected
strongest field intensity at their edges and corners.
This increased field intensity is advantageous for the enhancement of bR photocur-
rent; however, a red-shift in the plasmon resonance occurs as one progresses from a
spherical shape to a cubic shape through cuboidal intermediates. In this progression
from a spherical shape to a perfect cube, we see both increasingly better resolution
of the cubic peaks and a gradual red-shift in the main plasmon peak (Figure 50) that
results in less spectral overlap of the plasmon with the M intermediate absorption.
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Figure 49: Discrete dipole approximation plots of the electric fields in 3D (top) and 2D
(bottom) for a 40 nm silver sphere and a 40 nm edge-length silver cube, demonstrating
stronger plasmon field with sharper corners.
We used this shape progression to study the trade-o↵ between an increase in the plas-
monic field strength and the decrease that ensues in the degree of spectral overlap
with the M intermediate absorption.
Over the 1.2 s time scale (Figure 51), the photocurrent density of bR in the
presence of silver cuboid-B is much higher than even that of silver spheres capped with
10k MW PVP. However, the photocurrent density of cuboid-B over this 1.2 s exposure
time was not stationary, showing a steady rise. The time scale was adjusted to 1000 s
to investigate this. Over the course of this longer time scale experiment (Figure 52),
the bR photocurrent density remained the same for both the native bR and for the
55k MW PVP-capped silver spheres as that seen in the short time scale experiments
(Figure 51). However, for both cuboids and cubes, the photocurrent density increased
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Figure 50: Extinction spectra of 40 nm silver spheres (pink), cuboids (red, green),
and cubes (blue) capped with 55k MW PVP showing decreasing spectral overlap with
the M intermediate of bR (shaded cyan) with increasing sharpness of cube corners.
dramatically, reaching a maximum after 100 s that was maintained over the course of
the 1000 s exposure interval with no change in solution temperature (0.1 oC). Cuboid-
A, with highly rounded corners, reached a maximum photocurrent density of 103.6
nA/cm3 after 100 s, a stark contrast to the ca. 36 nA/cm3 photocurrent density
observed over the 1.2 s time scale experiments. The highest photocurrent density
achieved in these experiments was for bR enhanced by cuboid-B, which produced a
photocurrent of 0.2 µA/cm3. This value is 50 times higher than pure bR in our wet
electrochemical system (4.64 nA/ cm3) and 8 times higher than our previous report
using silver nanospheres and a porous membrane system (25 nA/cm3). [58] The large
enhancement intensity results from the much stronger field associated with cuboid
shapes compared to spheres, though the mechanism of the slower rise in photocurrent
density is yet to be elucidated.
Interestingly, despite their even stronger field intensity, perfect cubes displayed
less enhancement of the bR photocurrent than did cuboid-B. The absorption profile
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Figure 51: Bacteriorhodopsin native photocurrent generation (black), bR photocur-
rent generation under enhancement by 40 nm silver nanospheres capped with PVP of
MW 10k (blue), 55k (green), and 365k (red) and initial, short-time scale observation
of enhancement using 40 nm edge length silver cuboid-A capped with 55k MW PVP
(cyan).
of these silver nanoparticles (Figure 50) provides the reason for this decrease. The
degree of spectral overlap with the M intermediate, which is necessary for the blue
light e↵ect to occur, decreases significantly as the shape changes from cuboid-B to
perfect cubes. As we have shown previously, a higher degree of spectral overlap
between the plasmonic particle and the M absorption results in a higher photocurrent
density. These results and contributing factors are rendered visually in Figure 53,
where the peak in photocurrent density (black) is apparent for the particle that falls
nearest the intersection of the plots of field strength (corner integrity, green) and
spectral overlap with the M intermediate (blue). The photocurrent density of silver
cuboid-enhanced bR is as high as 0.2 µA/cm3, which is 10 times higher than that of
bR enhanced by silver nanospheres (ca. 20 nA/cm3) and orders of magnitude higher
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Figure 52: Bacteriorhodopsin photocurrent generation under blue light enhancement
from 40 nm silver particles capped with 55k MW PVP. Illustrates photocurrent en-
hancement of native bR (black) using spheres (yellow), cuboid-A with highly trun-
cated corners (red), cuboid-B with slightly truncated corners (green), and perfect
cubes (blue).
(ca. 5,000 times higher) than the best published results for thin film electrodes.
This high photocurrent density was found to be stable for up to 6 consecutive hours
of continuous irradiation, demonstrating the utility of specifically tailoring surface
plasmons to the task at hand.
4.5 Concluding Remarks
By making use of our knowledge of plasmonics, we were able to greatly enhance the
photocurrent of the bacteriorhodopsin system. We first replaced the traditional thin
film system, which can trap charge carriers, with a solution-based cell that requires
no bias. We then used a cation-selective membrane to increase the proton polariza-
tion, demonstrating the need for highly selective membranes for maximum current
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Figure 53: Photocurrent density of bR for each shape (black bars), spectral overlap
between the surface plasmon resonance band of the nanoparticle and the M interme-
diate absorption (blue), and the cube corner integrity (green) as an indicator of field
strength. Relative overlap percentage was determined via integration of the normal-
ized curves, and relative corner integrity was measured using the radius of curvature
from TEM images (full explanation in Appendix C). This figure illustrates that the
largest enhancement in photocurrent density results from the particle that falls near-
est the intersection of spectral overlap and field strength, the 40 nm cuboid-B capped
with 55k MW PVP.
enhancement. In this work, we have illustrated the need for both maximum par-
ticle field strength and plasmonic spectral overlap with the blue-light-absorbing M
intermediate in plasmonic-enhanced bR electrochemical cells. The number of plas-
monic nanoparticles with di↵erent field strengths and plasmon wavelengths is always
increasing. Finding a new particle that has a stronger electromagnetic field, better
spectral overlap with the M intermediate, and a small capping shell is quite possible
and will lead to maximum photocurrent enhancement.
94

[7] Chu, L. K., Yen, C. W., and El-Sayed, M. A., “On the mechanism of
the plasmonic field enhancement of the solar-to-electric energy conversion by the
other photosynthetic system in nature (bacteriorhodopsin): Kinetic and spec-
troscopic study,” Journal of Physical Chemistry C, vol. 114, no. 36, pp. 15358–
15363, 2010. ISI Document Delivery No.: 644TQ Times Cited: 0 Cited Reference
Count: 29 Chu, Li-Kang Yen, Chun-Wan El-Sayed, Mostafa A. U.S. Depart-
ment of Energy, O ce of Basic Energy [DE-FG02-97-ER 14799] We would like
to thank the U.S. Department of Energy, O ce of Basic Energy Grant No. DE-
FG02-97-ER 14799. We also thank Mrs. Rachel Near for her carefully revising
this manuscript. Amer chemical soc Washington.
[8] Daniel, M.-C. and Astruc, D., “Gold nanoparticles: assembly, supramolecu-
lar chemistry, quantum-size-related properties, and applications toward biology,
catalysis, and nanotechnology,” Chemical Reviews, vol. 104, no. a213219e-00c4-
fad2-5f23-8c11dc845d91, pp. 293–639, 2004. 10.1021/cr030698+.
[9] Dioumaev, A., Richter, H., Brown, L., Tanio, M., Tuzi, S., Saitô, H.,
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CHAPTER V
PLASMONIC NANOPARTICLES IN THE
PHOTODYNAMIC THERAPY OF CANCERS
Figure 54: Schematic diagram of silver nanosphere, plasmon-enhanced porphyrin
photosensitizer for photodynamic cancer cell therapy.
5.1 Chapter Summary
Photodynamic therapy has become a widespread treatment for a variety of cancers.
The technique combines three non-toxic species - light, oxygen, and a photosensitizer
(PS) - to excite molecular oxygen to its highly cytotoxic electronically excited singlet
state. We demonstrate great enhancement of the in vitro e cacy of a model PS
drug, protoporphyrin IX (PpIX), using plasmonic nanoparticles (NPs) both to deliver
the drug and to plasmonically enhance the photo-processes involved. The role of
plasmonic enhancement as well as unfavorable e↵ects - such as d-band absorption,
and radiative and non-radiative quenching - are investigated by controlling the overlap
of the plasmon resonance with PpIX absorption bands using silver nanospheres, gold
nanospheres, and gold nanorods.
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All NP-PpIX complexes, including silver nanospheres, are shown to be non-toxic
in the dark due to the lack of endocytosis. We decrease the amount of drug needed
to provide significant cancer cell death by two orders of magnitude using silver
nanospheres, whose plasmon resonance overlaps heavily with the main PpIX ab-
sorbance peak. Gold nanospheres, whose plasmon overlaps much more weakly with
PpIX absorbance, decrease the amount of drug needed by one order of magnitude.
Gold nanorods show negligible e↵ect on drug activity; their plasmon overlaps spec-
trally with PpIX emission. Additionally, we vary the method of attachment of the
drug to the nanoparticle using both reversible (electrostatic) and covalent attachment.
Maximum enhancement of drug activity is shown to require the drug to remain bound
close to the nanoparticle surface, where the electromagnetic field strength is highest.
This plasmonic enhancement e↵ect on drug activity is shown to surpass the amount of
increase in e cacy seen when the nanoparticle ise used as a delivery vehicle, unloading
the drug into the cell membrane. This NP delivery system illustrates an important
application of nanotechnology to medicine, providing for reduced drug doses, reduced
systemic toxicity, and a reduction in the amount of time the patient must spend in
the dark following treatment.
5.2 History, Mechanism, and Uses of Photodynamic Ther-
apy
Photodynamic therapy (PDT), in which light and molecular photosensitizers are used
to treat cancers, has come to the forefront of cancer therapeutic options. This type
of therapy o↵ers a minimally invasive alternative to procedures like chemotherapy,
radiation, and surgery, though it can also be used in conjunction with these [20]. PDT
results in less cosmetic damage and less damage to underlying functional structures
than other cancer therapeutic techniques, making it ideal [2] and currently prevalent
[29] for cancers of the skin, head, and neck. The advent of endoscopic delivery of light
has rendered PDT a successful method of treatment for internal cancers as well, such
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as the bladder, lungs [29] and gastrointestinal tract [20].
First employed in ancient Egypt [14], the modern-day version of the technique
was established in the early 1900s [2], when it was observed that large macrocyclic
organic compounds, or photosensitizers, were capable of producing highly cytotoxic
e↵ects under low levels of visible radiation [45]. The reactive species responsible for
this e↵ect was later shown to be singlet oxygen (1O2) [12], an unstable electronic
excited state of molecular oxygen in the same quantum state as most ground state
molecules [44]. This renders it highly reactive and thus highly destructive in a cellular
environment. However, power has limits; the lifetime of this excited state is quite
short in solution - less than 40 ns [7]. This limits the di↵usion pathlength to only 20
nm, an applicative boon for PDT, as it e↵ectively confines the reactive oxygen species
to the local area where the PS is sequestered [19]. Further, macrocycles commonly
used for PDT have very little cytotoxicity in the dark, which allows for clinicians to
further localize photodynamic treatment via selective delivery of light. [20, 29]
5.3 Macrocycles as PDT Drugs
Porphyrins, phthalocyanines, and related compounds have become the most studied
class of molecules for application as photosensitizers in the photodynamic therapy of
cancers [45, 46]. These compounds provide a simple and controllable method of 1O2
production that requires only: oxygen, the PS molecule, and light of an appropriate
wavelength to excite the PS (Figure 55) [12]. The reaction of 1O2 with allylic olefins,
such as tryptophan [1], histadine [1], and unsaturated fatty acids [41], to generate an
allylic hydroperoxide is of particular interest due to the prevalence of these compounds
in biological systems [12]. Desireable properties in a PS include: high triplet state
quantum yield and lifetime, high 1O2 quantum yield, high specificity for the target
tissue, and good water solubility [37].
Photosensitizer selection is also based on the region of treatment. The so-called
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Figure 55: Schematic rendering of 1O2 production mechanism by a porphyrin photo-
sensitizer under irradiation.
therapeutic window (ca. 600 - 900 nm) results from the fact that hemoglobin, water,
and other tissue components have relatively strong extinction cross sections for blue
light and relatively weak extinction cross sections in the NIR (Figure 56). [6] This
means that blue light shows only shallow tissue penetration, whereas red light can
penetrate several centimeters into tissues. Thus, blue light absorbers are useful for
epithelial-depth and post-surgical PDT [20, 29, 28], and NIR absorbers are useful for
deep tissue and solid tumor PDT [15, 14, 46].
While porphyrins and phthalocyanines have excellent triplet state quantum yields
and lifetimes as well as high 1O2 quantum yields, these large macrocycles su↵er from
inherent hydrophobia. This trait is beneficial in that it leads these molecules to
sequester in the lipophilic membranes of cells, where they are most e↵ective [20].
However, this hydrophobia is a major limitation to the circulation half-lives and
activities of these drugs [4], as they aggregate relatively quickly in biological serum
[46]. Yet another limitation to the use of these drugs is their dependence on passive
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Figure 56: Extinction profile of hemoglobin (green), oxy-hemoglobin (red), and water
(blue). Illustrates the increased permeability of tissues to red light (600 - 900 nm).
targeting; when administered systemically, they accumulate in tumors merely due to
the enlarged vasculature and lack of lymphatic drainage therein [14].
5.4 Platforms for PDT Drug Delivery
Significant attention has been given to PDT drug administration platforms. Of these,
polymeric particles [4], liposomes [23, 13], and metal nanoparticles (NP) are the most
promising.
5.4.1 Polymeric Particles and Liposomes in PDT
Polymeric particles and liposomes are both useful for extending the circulating half-
lives of PDT drugs in serum [42, 39], and both have shown enhanced e cacy in cancer
therapy via selective delivery of PDT drugs to tumor tissue through ligand targeting
[30, 48] or through temperature, light, or pH sensitivity [13, 4]. Conferring cancer-cell-
specific targeting ability on PDT drugs greatly reduces their systemic toxicity as well
as decreases their required dosage [4]. Polymeric particles and liposomes also greatly
increase the activity of these drugs by increasing their overall solubility in serum [4].
However, beyond regio-specific drug transport, these administration platforms have
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little e↵ect on the activity of the drugs.
5.4.2 Plasmonic Nanoparticles in PDT
Plasmonic nanoparticles provide all of the listed benefits of polymeric particles and
liposomes [8], and they also possess the ability to increase the absorption - and there-
fore anticarcinogenic activity - of photosensitizer drugs [17]. Plasmonic enhancement
of PS activity results from favorable overlap between the localized surface plasmon
resonance extinction band and the PS absorption band [38]. This enhancement should
allow for either: 1) the administration of smaller doses of drug, which will further
reduce systemic toxicity, or 2) for less intense or shorter periods of light exposure, a
major concern during post-surgical PDT when the patient is anesthetized [31].
Nanoparticles have received a great deal of attention for use as drug delivery sys-
tems [8]. With the first pthalocyanine (P
c
) stabilized synthesis and characterization
of gold nanoparticles, Hone et al. observed an increase in singlet oxygen quantum
yield for the permanently-bound gold-P
c
complex versus free P
c
[16]. Cheng et al.
investigated a modified version of this system that exploited both 1) polyethylene
glycol to increase biocompatibility by decreasing protein adsorption and 2) attach-
ment of the PS to the NP surface using weaker, electrostatic interations [10]. This
electrostatic association of PS to NP provided for passive release of the drug directly
into the lipophilic environment of the cell membrane and showed increased e cacy
in vitro versus free P
c
.
One added asset of plasmonic nanoparticles versus other platforms is the poten-
tial for photothermal therapy (PTT) provided by the introduction of the nanopar-
ticle. [21, 22] This was recently addressed by Jang et al. using a gold nanorod-
photosensitizer complex to provide a combination of photodynamic and photothermal
therapies. [27] This system exploited the plasmon resonance of the gold nanorods to
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keep the photosensitizer drug quenched during delivery. After incubation and subse-
quent di↵usion of the drug o↵ the AuNR surface, the drug was again active. Sub-
sequent irradiation with light exploited the photodyanmic therapeutic e↵ects of the
photosensitizer as well as the photothermal therapy provided by the gold nanorod
delivery vehicles to achive greater cancer cell death than either treatment provided
alone. This PDT/PTT combination system is important conceptually in that it fur-
ther exploits the delivery vector to provide direct therapy.
Plasmonic particles are unparalleled in their ability to harvest light energy [11, 25].
However, the constructive use of this light-harvesting ability to enhance radiative
processes in adjacent systems (e.g. photosensitizers) is strongly dependent on the
particle characteristics (e.g. size, shape, composition), as these determine the op-
tical properties of the nanoparticle [24]. In most studies that employ a plasmonic
nanoparticle as the delivery platform, the neccessity of dissociation of the PS from
the nanoparticle surface is emphasized [10, 27], as these particles generally have plas-
mon resonances in the region where photosensitizers emit. This leads to quenching
of PS activity [38, 43, 40]. Very recently, Khaing et al. examined a system em-
ploying gold nanospheres and protoporphyrin IX (PpIX) [32]. These nanoparticles
possess a plasmon resonance that overlaps partially with the PS absorbance and not
with its emission; an increase in singlet oxygen generation (SOG) was observed with
increasing particle plasmon strength.
Absorption of light by a metal nanoparticle occurs either by excitation of d or-
bital transitions, called the interband transitions, or through interaction with the
plasmon resonance. This is discussed in detail in Chapter 1. Briefly, absorption by
the interband invariably results in thermal or other non-radiative relaxations and is
thus non-advantageous for this system. Interband transitions are a property of the
metal; they cannot be adjusted by changing particle size or shape. All gold particles
will therefore show some degree of competitive filtering of UV to green light, as their
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interband transitions are in this region, whereas silver interband transitions are in
the UV. Excitation of the plasmon, on the other hand, should increase the absorp-
tion - and therefore emission and SOG - of photosensitizers on the particle surface,
given spectral overlap between the plasmon and the PS absorption. The ability to
tune the plasmonic resonance of nanoparticles throughout the visible energy spec-
trum is a defining and highly important characteristic of these systems and is an area
our lab has explored in depth [36, 5, 34, 24, 35, 25, 26, 49]. Given that plasmon
resonance results in such a strong interaction with incident photons, it follows that
proper manipulation of the plasmon energy will allow for unparalled enhancement of
photosensitizers within the NP plasmonic field [38, 9, 17].
Figure 57: TEM micrographs of AgNS, AuNS, AuNR (top) and their corresponding
histograms of particle dimensions measured via TEM for AgNS (bottom left, blue),
AuNS (bottom left, green), and AuNR legnth (bottom right, blue) and width (bottom
left, green).
In the following sections, we systematically examine the role of overlap between
the energy of the plasmon and the absorption and emission of a model porphyrin
112
photosensitizer (Protoporphyrin IX, PpIX, Figure 58) using silver nanospheres (40
nm diameter, AgNS), gold nanospheres (40 nm diameter, AuNS), and gold nanorods
(40 nm length, 10 nm width, AuNR). The micrographs and histograms for these
particles are shown in Figure 57.
Figure 58: Absorption (grey) and emission of PpIX when excited at 385 nm (blue),
504 nm (red), 540 nm (green), and 574 nm (cyan). Relatively weaker absorption
cross-sections result in correspondingly weaker emissions.
The combination of these systems, depicted in Figure 59, provides a cohesive sur-
vey of plasmonic enhancement, competitive filtering, and emission quenching of this
model PS by these characteristic plasmonic nanoparticles. In addition, we vary the
nature of PpIX association with the particle surface to illustrate both the unloading
ability generally presented in the literature using electrostatic complexes and the plas-
monic e↵ect on PpIX activity using rigid surface attachment. Further, we vary the
distance between the porphyrin and the particle surface in our covalently-attached
complexes to judge the e↵ect of non-radiative energy transfer processes for each of
our three nanoparticle types.
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Figure 59: Schematic diagram of AgNS, AuNS, and AuNR complexes with PpIX (blue
star) showing the three conjugation methods used. PEG is represented in black.
5.5 Modification of Protoporphyrin IX for Complexation
with Plasmonic NPs
PpIX is easily modified through a series of peptide bond couplings to generate thiol-
functionalized derivatives of the drug without compromising its spectral character-
istics or photodynamic activity (Figure 60 &63, Appendix D). The addition of this
thiol modality allows for the facile, stable attachment of PpIX to a gold or silver
nanoparticle surface due to the relatively strong nature of gold-thiol and silver-thiol
bonds.
We first examined the unmodified PpIX in an electrostatic complex with NPs. In
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Figure 60: Synthesis of HS-PpIX used to generate Short-Linker NP-PpIX complexes.
Figure 61: Synthesis of HS-PEG-PpIX used to generate Long-Linker NP-PpIX com-
plexes.
the second case, we modified PpIX with a peptide bond to yield Short-Linker PpIX
with a thiol terminus (Figure 60). In the third, we functionalized PpIX with a PEG-
thiol to generate Long-Linker PpIX, with a larger distance between the fluorophore
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and the NP surface (Figure 61). Figure 63 shows the spectral extinction characteris-
tics of stable complexes between PpIX (grey) and AgNS (blue), AuNS (green), and
AuNR (red), and schematic renderings of these are presented in Figure 59.
5.6 Nanoparticle Selection: Achieving Maximum Spectral
Overlap between Plasmon Resonance and Drug Absorp-
tion
Three types of plasmonic nanoparticles were chosen to investigate the e↵ect of these on
singlet oxygen generation (SOG) and cancer cell death by protoporphyrin IX (PpIX):
AgNS, AuNS, and AuNR (Figure 57). We maintained similar hydrodynamic radii
(Figure 62) to eliminate error from di↵erences in cellular uptake.
Figure 62: Hydrodynamic diameter of AgNS (blue) and AuNS (green) Electrostatic,
Short-Linker, Long-Linker, and PEG-conjugated complexes as determined via dy-
namic light scattering.
5.6.1 Silver Nanosphere Complexes with PpIX
Plasmon resonance interacts constructively to yield an increase in PpIX absorp-
tion, given proper spectral overlap between the plasmon resonance and the PpIX
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absorbance. AgNS have a strong plasmon resonance in the blue wavelength region
(ca. 400 nm) where the Soret band absorbance of the PpIX lies (Figure 63, blue).
Figure 63: NP and PpIX physical and energetic characteristics. (A) Extinction spec-
trum of PpIX (shaded grey), AgNS (blue), AuNS (green), and AuNR (red). (B)
Jablonski diagram of plasmon resonances for each particle and the Q and B excita-
tion bands of PpIX, illustrating the overlap between the various plasmon resonances
and these PpIX excitation energies. Note that the energy of the transverse plasmon
mode arising in AuNR gives this resonance a degree of overlap with the Q band
excitation energies similar to - but weaker than - that seen in AuNS.
The interband transitions of silver are in the ultraviolet and are therefore moot in
this visible-light system. These AgNS particles should therefore show the strongest
enhancement of PpIX absorption with no competitive filtering by d-d transitions.
5.6.2 Gold Nanosphere Complexes with PpIX
In contrast to silver, the gold interband absorbs from the UV into the green spectral
region and will thus function as a competitive filter of the incident excitation energy
in this region. AuNS possess a plasmon resonance that overlaps with the Q band
absorptions in PpIX (ca. 530 nm, Figure 63, green). This resonance is weaker in
intensity than that seen in AgNS (Figure 64) but will still lead to enhancement of
said absorptions. Excitation of these transitions also results in emission and singlet
oxygen production, though the emission is correspondingly weaker (Figure 58).
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Figure 64: Discrete dipole approximation electric field plots for (A) AgNS at 412 nm,
(B) AuNS at 530 nm, and AuNR for both the (C) longitudinal plasmon mode at 800
nm and (D) the transverse plasmon mode at 530 nm. Maximum field strengths are
indicated for each resonance.
5.6.3 Gold Nanorod Complexes with PpIX
Gold nanorods have a strong longitudinal plasmon resonance in the therapeutic win-
dow (800 nm, Figure 63, red, Figure 64C). However, the emission of most photosen-
sitizers is also in this region, and this leads to quenching of the emission and SOG of
bound photosensitizers. [27] AuNR also show a weak surface plasmon resonance in
the green, corresponding to the excitation of their transverse plasmon mode (ca. 530
nm, Figure 64); the energy of this oscillation will provide some enhancement of PS
molecules along the sides of the rod.
In summary, we observe: 1) plasmonic enhancement of PpIX absorption for AgNS-
PpIX complexes; 2) competitive interband filtering of PpIX Soret band excitation
energy and plasmonic enhancement of PpIX absorption in the case of AuNS-PpIX
complexes; and 3) interband filtering, plasmonic enhancement of PpIX absorption,
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and emission quenching in the case of AuNR-PpIX complexes. All of these com-
plexes have the advantage that they will increase the solubility of PpIX in biological
media. Each of these was prepared at a constant concentration of NPs and varied
concentrations of PpIX.
5.7 Enhanced Photoexcitation Allows for the Use of 200
Times Less Drug
5.7.1 Cytoxicity of PpIX and NPs Independently
We treated human oral squamous carcinoma cells (HSC-3) with NPs alone and with
PpIX alone over a wide range to concentrations in order to determine the concen-
tration at which each became toxic to the cells on their own. For the NPs, this was
ca. 1 nM, and for the PpIX, this was ca. 20 µM. Thus, we proceeded forward with
NP-PpIX complexes in which the concentration of each species was at least an order
of magnitude lower than these toxic concentrations (0.1 nM NPs and 0.2 - 2.0 µM
PpIX). Figure 66 shows the lack of toxicity of the PEG-passivated NPs at these con-
centrations, and Figures 66 (top) show the lack of toxicity for PpIX at 0.2 µM (left)
and 2.0 µM (right).
5.7.2 Cytoxicity of Short-Linker NP-PpIX Complexes
Whereas PpIX began to show some cytotoxic e↵ect (ca. 30% cell death) at a concen-
tration of around 20 µM (Figure 67, black), plasmon-enhanced, Short-Linker AgNS-
PpIX began to show show cytotoxicity at as low as 0.2 µM under the same exposure
and treatment conditions (Figure 67, blue). This represents a factor of 200 less drug
than PpIX alone. Further, the AgNS-PpIX complexes yield significantly higher cell
death at this concentration (60% cell death, Figure 67, blue). Short-Linker AuNS
complexes show activity at 2 µM (Figure 67, green), still an order of magnitude lower
than the free drug.
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Figure 65: Viability of cells treated with mPEG-conjugated 0.1 nM AgNS, AuNS,
and AuNR alone in the absence of PpIX for cells that received photodynamic treat-
ment (green) and cells left in the dark (blue). This concentration of NPs caused no
cell death on its own with or without light treatment, and no dark toxicity of the
complexes was observed.
5.7.3 Cytoxicity of Electrostatic NP-PpIX Complexes
We observed decreased activity for the Electrostatic NP-PpIX complexes relative to
the Short-Linker complexes, which corroborates the in situ results presented forth-
with. Electrostatic AgNS-PpIX showed ca. 12% less activity compared to their
Short-Linker counterparts, whereas Electrostatic AuNS-PpIX showed negligible ac-
tivity versus Short-Linker AuNS-PpIX. This is a result of unloading of the drug from
the NP surface during the 24-hour incubation period of cells with the complexes,
[10, 27] as ions in the biological medium destabilize the electrostatic association be-
tween the PS and NP. This e↵ect is more pronounced in gold complexes versus silver
because PpIX is electrostatically coordinated to the NP surface through its carboxylic
acid groups, and the strength of metal-carboxylic acid interaction is stronger for silver
than for gold. [18, 47] Thus, PpIX unloads more readily from gold than from silver,
and the AgNS-PpIX Electrostatic complexes retain more plasmonic enhancement and
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Figure 66: Cell viability of HSC-3 cancer cells treated with free PpIX and PpIX
conjugated to AgNS, AuNS, and AuNR via Electrostatic, Short-Linker, and Long-
Linker conjugation at 0.2 µM (left) and 2.0 µM (right) PpIX concentration in cells
that received photodynamic treatment (green) and cells that were kept in the dark
(blue). Illustrates the lack of NP-PpIX toxicity in the dark.
cause more cell death from residual drug left on the NP surface relative to AuNS-
PpIX Electrostatic complexes. In situ experiments monitoring the di↵usion of PpIX
drug from NP-PpIX Electrostatic complexes in water into toluene[10] confirm that
almost all of the drug is unloaded from the gold surface compared to only ca. 10%
unloaded from silver (Figure 68).
Unloading of the drug is advantageous from a solubility standpoint, as the particle
helps transport the PpIX close to the cell membrane where the drug sequesters in
the lipophilic membrane. [20] However, these delivery and solubility benefits do not
outstrip the enhancement e↵ect seen in the Short-Linker complexes, as these maintain
plasmonic enhancement of the drug.
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5.7.4 Cytoxicity of Long-Linker NP-PpIX Complexes
Toxicity was not observed for Long-Linker NP-PpIX complexes (Figure 67) due to
the decreased plasmon field strength away from the NP surface. In all of these
experiments, we observed a leveling-o↵ of cell death percentage even with further
increased concentrations of PpIX. We attribute this to an exhaustion of the available
oxygen in the cell medium under these conditions, an issue that could be easily
resolved in a clinical setting by maintaining an oxygen flow over the treatment area.
5.8 NP-PpIX Complexes Remain in the Extracellular En-
vironment; AgNS-PpIX Show Surprising Lack of Dark
Toxicity
Without a ligand that triggers endocytosis, these NP-PpIX complexes remain in the
extracellular environment. This is likely due to their size - ca. 60 - 70 nm hydrody-
namic diameter (Figure 62). Dark field analysis of cells following 24h incubation with
our NP-PpIX complexes shows negligible internalization of the particles (Figure 69),
suggesting that cell death is induced by cell membrane damage. [33] Furthermore,
HSC-3 cells display morphological signs of apoptosis following treatment with light
and our NP-PpIX complexes; visible cell shrinkage is apparent when compared to
NPs conjugated with PEG.
5.9 In situ Quantification of NP-PpIX Photodynamic Po-
tential
Singlet oxygen generation was measured using a scavenger molecule, 9,10 - An-
thracenediyl - bis(methylene) dimalonic acid (ABDA), whose absorbance shifts from
the visible to the UV upon reaction with 1O2 (Figure 70).
As AMBA photobleaches fairly rapidly when irradiated with light of < 400 nm, a
long-pass filter was used to block this region of the spectrum (Figure 71). SOG rate
constants were determined for each modified PpIX alone and for each AuNS-PpIX
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and AuNR-PpIX complex. All NP-PpIX complexes showed enhanced SOG relative to
PpIX alone, with the Short-Linker method of attachment (Figure 5, green) providing
the best enhancement for both AuNS and AuNR.
Overall, the results from the in situ and in vitro studies are mutually reinforcing.
Electrostatic AuNS-PpIX complexes showed significantly less overall enhancement
relative to their Short-Linker counterparts (Figure 72, red), a likely result of PpIX
detachment from the particle surface over the course of the experiment. This was
demonstrated previously in Figure 68 and illustrates that the increased activity for
the Electrostatic NP-PpIX complexes observed in the cell studies is due largely to
vectorial transport of PpIX to the cell membrane by the NP rather than plasmonic
enhancement of the porphyrin. Greater enhancement of SOG is seen in AuNS-PpIX
versus AuNR-PpIX for Short-Linker and Electrostatic conjugations.
5.9.1 Generation of Silver Plasmon Resonance is Precluded by the Filter
AgNS-PpIX showed comparable activity to free PpIX due to the filter used in this
experiment, which keeps the detector molecule from photobleaching but also prevents
excitation of the AgNS plasmon. This illustrates the role of plasmon resonance in
enhancement.
5.9.2 Singlet Oxygen Generation by AuNS-PpIX Complexes
For AuNS in complex with PpIX, the greatest enhancement is seen for the Short-
Linker complexes, where the PpIX is bound close to the NP surface. Long-Linker
AuNS-PpIX complexes show the least enhancement of SOG relative to the other
complexes (Figure 72) due to the distance between the particle surface and the PpIX,
as the electromagnetic field becomes exponentially weaker farther out from the NP
surface.
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5.9.3 Singlet Oxygen Generation by AuNR-PpIX Complexes
Interestingly, Long-Linker AuNR-PpIX complexes showed increased activity relative
to AuNS-PpIX particles with the same conjugation. We postulate that this e↵ect
arises from the arrangement of this PEG-modified PpIX on the surface of the parti-
cle. Thiol groups favor attachment to the crystal surface located at the ends of gold
nanorods versus those along the sides. [32] This allows for these PpIX, at the end of
a relatively long, malleable polymer chain, to locate preferentially along the sides of
the rod, though their thiol tails are attached to the nanorod ends. As illustrated in
Figure 63, the plasmon band resulting from the transverse plasmon oscillation corre-
sponds to the peak at ca. 530 nm, and this oscillation would show similar plasmon
enhancement of PpIX activity as that seen in gold spheres, though its intensity is
much weaker than that of a gold sphere (Figure 64). Thus, slight enhancement of
PpIX activity results here from localization of the actual PpIX moiety away from the
unfavorable, emission-quenching longitudinal plasmon resonance and closer to the
favorable, transverse plasmon oscillation.
5.10 Concluding Remarks
We have used the photo-enhancement properties of plasmonic nanoparticles to con-
centrate the exciting light locally, allowing for a reduction in the amount of PS drug
needed for PDT. The ability of plasmonic nanoparticles to enhance the singlet oxy-
gen generation of this model PS drug is greatly dependent on the extent of spectral
overlap between the drug absorption and the NP plasmon resonance band. These im-
portant concepts will be essential to the design and use of NP conjugates as platforms
for the delivery and enhancement of PS drugs in cancer treatment applications.
We found that the strongest enhancement of photosensitizer activity occurs when
the drug is covalently bound close to the spherical nanoparticle surface, where the
strong plasmonic field maximizes the drug excitation process. Results from in vitro
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experiments show that the amount of drug needed to achieve significant cancer cell
death is reduced by two orders of magnitude for silver nanosphere-drug complexes
and by one order of magnitude for gold nanosphere-drug complexes. The use of a NP
platform both increases the solubility of the photosensitizer and enhances its quantum
e ciency. The NP platform also provides the opportunity to introduce targeting
ligands to the system, an advantage that our lab is now exploring. This will greatly
increase the specificity of these complexes to target cancerous cells preferentially over
healthy cells.
We postulate that the NPs either increase the overall absorption e ciency of
PpIX or that the NPs transfer energy to the PS molecules. The NP-PS complex
thereby increases the quantum yield of singlet oxygen production by the PS drug.
These complexes are not endocytosed by the cell; this allows for the use of silver
NPs without the toxicity that has been observed in other studies when silver NPs are
endocytosed. [3] This further suggests that the complexes could be removed easily if
used for surface treatment. However, should future in vivo experiments reveal dark
toxicity of silver NP-PS complexes, gold NP-PS complexes, known for their lack of
in vivo toxicity, could be used instead. This opens the door for the use of other
nanoparticle shapes, such as cubes, which are known to have stronger fields and may
therefore yield even greater enhancement of PS activity. The shape-dependence of
this enhancement is now being explored in our lab.
A limitation to the use of these NP complexes in the body arises from the poor
tissue penetration depth of the visible light needed to excite these silver or gold
nanospheres, which could limit the use of these complexes to surface treatments.
Tissue penetration depth in the red is quite high, but NPs with plasmon resonance
in the red quench the emission and activity of PS molecules bound to their surface,
as this emission is also in the red. Further, the energy required to generate singlet
oxygen precludes both direct excitation of molecular oxygen[47] and the use of a drug
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with an absorbance in the red, as this might bathochromically shift the energy of the
PS triplet state below that needed to generate singlet oxygen (unless a drug could be
designed with small singlet-triplet separation). However, currently used drugs and
silver or gold nanospheres could potentially be employed for PDT in deeper tissues
through the use of a red pulsed laser doubled at the cancer location[18] to provide
the visible light needed to excite the drug-nanoparticle complexes in the tumor.
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Figure 67: Cell viability data of HSC-3 cancer cells treated with free PpIX (black) and
PpIX conjugated via Electrostatic, Short-Linker, and Long-Linker to AgNS (blue),
AuNS (green), and AuNR (red). Short-Linker AgNS-PpIX show a statistically signif-
icant decrease in cell viability at only 0.2 µM PpIX. Short-Linker AuNS-PpIX show a
statistically significant decrease in cell viability at 2 µM PpIX. AuNR-PpIX show no
statistically significant change in cell viability when compared to PpIX alone at these
concentrations. Error bars indicate ± one standard deviation of three independent
experiments with p-value < 0.05.
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Figure 68: Di↵usion of PpIX drug from AgNS-PpIX (blue) and AuNS-PpIX (green)
Electrostatic complexes from water into toluene over time. AuNS-PpIX Electrostatic
complexes unload ca. 95% of the drug after 24 hours, whereas AgNS-PpIX complexes
unload only ca. 10% of the PpIX coordinated to the AgNS surface. This illustrates
the relative strength of the silver-carboxyl interaction relative to the gold-carboxl in-
teraction and explains why AgNS-PpIX Electrostatic complexes show similar activity
to AgNS-PpIX Short-Linker complexes; with the majority of the drug left on the
AgNS surface, plasmonic enhancement of drug activity still occurs.
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Figure 69: Dark field microscopy images of HSC-3 cells after 24 hours of incubation
with NP-PpIX complexes. All NP-PpIX conjugates and PEG-NPs showed minimal
uptake, which is indicated by the lack of localized light scattering within the cells.
Scale bars represent 10 microns.
Figure 70: Extinction spectrum of an example SOG experiment with AuNR-PpIX
and the ABDA scavenger. Inset shows full spectrum, while the main graph shows the
ABDA peaks in the irradiated sample shrinking relative to the reference cuvette in
the dark.
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Figure 71: Extinction spectrum of AgNS-PpIX, AuNS-PpIX, AuNR-PpIX, ABDA
SOG detector molecule, and the filter used for SOG experiments. Illustrates that the
plasmon of the silver complexes is not excited, as the long-pass filter is necessary to
keep ABDA from photobleaching.
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Figure 72: Singlet oxygen generation rate constants for PpIX, AuNS-PpIX, and
AuNR-PpIX under Electrostatic (red), Short-Linker (green), and Long-Linker (red)
conjugation. AgNS-PpIX showed comparable activity to free PpIX due to the filter
used in this experiment, which keeps the detector molecule from photobleaching but
also prevents excitation of the AgNS plasmon. This illustrates the role of plasmon
resonance in enhancment. Greated enhancement of SOG is seen in AuNS-PpIX com-
plexes versus AuNR-PpIX complexes for Short-Linker and Electrostatic conjugations.
Within each NP group, the greatest enhancement is seen for the Short-Linker com-
plexes, where the PpIX is bound close to the NP surface. Electrostatic complexes
show decreased SOG as a result of PpIX unloading from the NP surface during te
experiment. Long-Linker AuNS complexes show the least activity due to the distance
between the particle surface and the PpIX molecule. AuNR-PpIX complexes show
decreased SOG relative to AuNS-PpIX complexes due to quenching of PpIX emission
by the longitudinal plasmon resonance and the very limited enhancement of PpIX ab-
sorption via the transverse plasmon resonance. AuNR-PpIX Long-Linker complexes
show greater activity versus AuNS-PpIX Long-Linker due to preferential attachment
of the thiol linker to the ends of the rods and the resultant ability of the PpIX to
lie along the sides of the rod, where favorable plasmon resonance occurs. Error bars
indicate one standard deviation of three or more independent experiments.
131

images: experimental evaluation of the transformation of ct into pet 511-kev
attenuation coe cients,” European Journal of Nuclear Medicine and Molecular
Imaging, vol. 29, no. 7, pp. 922–927, 2002.
[7] Castano, A. P., Demidova, T. N., and Hamblin, M. R., “Mechanisms in
photodynamic therapy: part one—photosensitizers, photochemistry and cellular
localization,” Photodiagnosis and Photodynamic Therapy, vol. 1, no. 4, pp. 279–
293, 2004.
[8] Chatterjee, D., Fong, L., and Zhang, Y., “Nanoparticles in pho-
todynamic therapy: an emerging paradigm,” Advanced drug delivery re-
views, vol. 60, no. 1b229b4e-b52c-9fc9-6fd3-c78734f68546, pp. 1627–1664, 2008.
10.1016/j.addr.2008.08.003.
[9] Chen, Y., Munechika, K., and Ginger, D., “Dependence of fluorescence
intensity on the spectral overlap between fluorophores and plasmon resonant
single silver nanoparticles,” Nano Letters, vol. 7, no. 1a42b626-2332-32c5-c072-
ebbec0e5f80b, pp. 690–696, 2007. 10.1021/nl062795z.
[10] Cheng, Y., C, A., and Meyers, J., “Highly e cient drug delivery with gold
nanoparticle vectors for in vivo photodynamic therapy of cancer,” Journal of the
..., no. 87396d63-c4d5-9682-e7cf-8c11e083226f, 2008.
[11] Daniel, M.-C. and Astruc, D., “Gold nanoparticles: assembly, supramolecu-
lar chemistry, quantum-size-related properties, and applications toward biology,
catalysis, and nanotechnology,” Chemical Reviews, vol. 104, no. a213219e-00c4-
fad2-5f23-8c11dc845d91, pp. 293–639, 2004. 10.1021/cr030698+.
[12] DeRosa, M. C. and Crutchley, R. J., “Photosensitized singlet oxygen and
its applications,” Coordination Chemistry Reviews, vol. 233–234, no. 0, pp. 351–
371, 2002.
133
[13] Derycke, A., “Liposomes for photodynamic therapy,” Advanced drug de-
livery reviews, vol. 56, no. 7a6f9219-49ea-1b87-dc04-e147cb08887e, 2004.
10.1016/j.addr.2003.07.014.
[14] Dolmans, D., Fukumura, D., and Jain, R. K., “Photodynamic therapy for
cancer,” Nature Reviews Cancer, vol. 3, no. 5, pp. 380–387, 2003. Dolmans,
DEJGJ Fukumura, D Jain, RK.
[15] Dougherty, T., Kaufman, J., Goldfarb, A., Weishaupt, K., Boyle,
D., and Mittleman, A., “Photoradiation therapy for the treatment of
malignant tumors,” Cancer Research, vol. 38, no. 5a50b002-2e56-b25f-441c-
e147cb08aa80, pp. 2628–2663, 1978.
[16] Duncan, C. H., Peter, I. W., Richard, E.-G., Simon, F., Andrew, B.,
Isabelle, C., Michael, J. C., and David, A. R., “Generation of cytotoxic
singlet oxygen via phthalocyanine-stabilized gold nanoparticles: A potential de-
livery vehicle for photodynamic therapy,” Langmuir, vol. 18, no. 51335216-c4ba-
d527-1532-8c11d7cf3dfb, 2002. 10.1021/la0256230.
[17] Fu, Y., Zhang, J., and Lakowicz, J., “Plasmonic enhancement of
single-molecule fluorescence near a silver nanoparticle,” Journal of Fluores-
cence, vol. 17, no. 7da275a2-ae7b-b621-f6b1-ebbec0e6cf3a, pp. 811–817, 2007.
10.1007/s10895-007-0259-0.
[18] Grodzicki, A.,  Lakomska, I., Piszczek, P., Szymańska, I., and Sz lyk,
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CHAPTER VI
SYNTHESIS AND CHARACTERIZATION OF
SELECTED NANOMATERIALS
6.1 Chapter Summary
The synthesis of nanomaterials has been the focus of intense research over the past
few decades. This first began as scientists developed methods to synthesize and
characterize homogenous solutions and arrays of nanoparticles of a variety of sizes,
[18, 16, 21] shapes (spheres, [38, 5] rods, [12, 19, 30, 17] hollow spheres, [32, 3, 36]
cubes, [36, 35, 33] cages, [37, 23] etc.), and compositions (gold, [14, 40, 42] silver,
[41, 22] copper, [8, 11] platinum, [2, 1, 26, 31] paladium, [34] semiconductor, [10,
25] etc.). What followed was some very intense work surrounding the elucidation
of the properties of nanoscale materials, which was itself followed by an explosion
of work revolving around applications of nanotechnology. Still, though this work
began in ernest more than three decades ago, new synthetic techniques are still being
developed, and new properties of nanomaterials are still being discovered.
Nanoparticles are traditionally prepared by either top-down or bottom-up proce-
dures. [13, 6, 7] Top-down methods normally involve the use of lithography, where
one starts with a bulk material and removes the bulk that is not desired, leaving the
nanoparticle. Bottom-up methods build nanoparticles atom-by-atom, normally from
a metal or semiconductor salt. The salt is reduced with a reducing agent, generating
ground-state atoms that nucleate and begin to form a particle. This is performed
in the presence of a surface ligand - called the capping agent - which passivates the
surface of the particle. As this is all in dynamic equilibrium, the capping agent to
salt ratio generally determines the size of the resulting particle. Conventionally, as
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in this thesis, specific nanoparticles can be abbreviated as metal, shape, and capping
agent (e.g. silver nanospheres capped with citrate, AgNS@Citrate).
In some cases, such as the gold nanosphere citrate reduction, [9] the capping and
reducing agent are the same; the citrate both reduces the gold salt and passivates the
resulting nanoparticle surface by electrostatically isolating the NPs from one another
in solution. Other variations of this method employ the use of a metallic seed particle
(< 2 nm) to reduce a metal salt in solution without the need for a separate reducing
agent. [36, 29, 24, 27] These seeding growth syntheses can direct the crystallinity of
the resulting nanoparticle. [36, 23] Anisotropic particles, such as rods, are generally
synthesized using a capping agent that binds preferentially to one crystal surface over
another, thereby restricting growth in that dimension. [29, 28]
This thesis work focuses almost entirely on the latter method of preparation;
thus, the syntheses presented herein are colloidal, bottom-up synthetic techniques.
The synthesis and characterization of a variety of plasmonic metal nanoparticles,
semiconductor quantum dot nanoparticles, and titanium dioxide nanostructures, are
presented, many of which have had their applications discussed in the previous chap-
ters. Several other nanoparticle syntheses are also included - despite their absence
from the preceeding chapters - in hopes that their syntheses will find use in the ex-
periments of future nanoscientists. Also included are some relationships governing
extinction coe cients and capping agent-to-metal salt ratio that may be useful for
the colloidal preparation of some nanoparticles.
6.2 Colloidal Syntheses of Selected Gold and Silver Nanopar-
ticles
6.2.1 Silver Nanospheres (AgNS)
6.2.1.1 AgNS@Citrate
Silver nanospheres of approximately 10 nm diameter were prepared by first injecting
silver nitrate (1.5 mL, 1 wt.%) and sodium citrate (1.2 mL, 38.8 mM) into boiling
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Figure 73: Transmission electron micrograph of silver nanospheres (40 nm) capped
with citrate.
deionized water (150 mL). Sodium borohydride (1.8 mL, 0.01 M, cold) was then
injected quickly, the heat was removed, and stirring was continued until the solution
reached room temperature. Particles were then stored in the dark.
Silver nanospheres of approximately 40 nm diameter were prepared by adding
AgNO3 (25 mL, 1 wt.%) to boiling water (deionized, 175 mL) in a covered (watch
glass), trace-clean, 250 mL Erlenmeyer flask at a stir speed of 500 rpm. At reboil,
the watch glass cover was removed, and citrate solution (8 mL, 38.8 mM) was added
to the flask. The stir speed was increased to 1000 rpm, and sodium borohydride (2.4
mL, 0.1 M) was injected quickly and all at once. The stir speed was then reduced to
500 rpm as the solution turned black. The heat was turned o↵, and the solution was
allowed to stir for 5 mins. The resulting creamy, light-green solution was covered and
placed in the dark overnight to allow the particles to ripen (Figure 73).
6.2.1.2 AgNS@PVP
Ethylene glycol (EG, 25 mL) was heated to 150 oC and maintained at this temperature
for 1 h. Polyvinyl pyrrolidone (PVP, 0.28 g) was dissolved in EG (10 mL) and added
to the flask under stirring at 900 rpm. When the temperature restabilized at 150 oC,
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AgNO3 (0.12 g) in EG (2.5 mL) was added, immediately followed by Na2S•4H2O in
EG (0.4 mL, 3 mM). The silver was reduced after 15 mins, at which point the flask
was removed from heat and allowed to cool slowly. Particles were diluted 1:1 with
water and centrifuged. They were then redispersed in water and centrifuged a second
time.
6.2.1.3 Hollow AgNS@Glutathione
Figure 74: Transmission electron micrograph of hollow silver nanospheres (ca. 30
nm) capped with glutathione (left) and schematic representation of the mechanism
of formation of hollow silver nanospheres as illustrated in Ben et. al (right). [4]
Silver nitrate (1.5 mL, 10 mM) and glutathione (180 µL, 10 mM) were added
to water (25 mL) in an ice bath. Sodium hydroxide (5.0 mL, 0.1 M) was added
under vigorous stirring to bring the pH to 12. The resulting solution of silver oxide
template nanospheres was pale yellow in color. Sodium borohydride (1.8 mL, 10
mM) was injected all at once, and the solution turned red. The mechanism for the
formation of these particles is rendered in Figure 74 with their TEM image. [4]
6.2.2 Silver Nanocubes and Nanocuboids (AgNC, AgNCuboid)
6.2.2.1 AgNC@PVP
Ethylene glycol (EG, 25 mL) was heated to 150  C and maintained at this temperature
for 1 h. Polyvinyl pyrrolidone (PVP, 0.28 g) was dissolved in EG (10 mL) and added
to the flask with gentle stirring. When the temperature restabilized to 150 oC, AgNO3
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Figure 75: Transmission electron micrograph of silver nanocubes (ca. 40 nm) capped
with PVP.
(0.12 g) in EG (2.5 mL) was added, immediately followed by Na2S•4H2O (3 mM)
in EG (0.4 mL). The silver was reduced after 15 mins, at which point the flask was
removed from heat and allowed to cool slowly. Particles were diluted 1:1 with water
and centrifuged. They were then redispersed in water and centrifuged a second time,
producing the silver cubes seen in Figure 75).
6.2.2.2 AgNCuboid@PVP
Ethylene glycol (EG, 25 mL) was heated to 150 oC and maintained at this temperature
for 1 h. Polyvinyl pyrrolidone (PVP, 0.28 g) was dissolved in EG (10 mL) and added
to the flask under stirring at 400-600 rpm. Stir speed here controls the degree of
truncation of cube corners. When the temperature restabilized to 150 oC, AgNO3
(0.12 g) in EG (2.5 mL) was added, immediately followed by Na2S•4H2O (3 mM)
in EG (0.4 mL). The silver was reduced after 15 mins, at which point the flask was
removed from heat and allowed to cool slowly. Particles were diluted 1:1 with water
and centrifuged. They were then redispersed in water and centrifuged a second time.
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Figure 76: Transmission electron micrograph of silver nanoprisms (ca. 60 nm edge
length) capped with PVP.
6.2.3 Silver Nanoprisms (AgNPr)
6.2.3.1 AgNPr@PVP
Silver nitrate (14 mL, 0.59 mM), sodium citrate (35 mL, 43.9 mM), and polyvinyl-
pyrrolidone (10.5 mL, 0.36 mM, MW 55K) were added in succession to boiling deion-
ized water (70 mL) in a 500 mL round bottom flask. Sodium borohydride (5.6 mL,
99.1 mM) was injected, and the solution turned yellow. The solution was heated for
5 additional minutes, and the flask was removed from heat and irradiated for 5 hours
with a 250 W tungsten lamp. Particles were cleaned twice via centrifugation yielding
the ca. 60 nm edge length silver nanoprisms pictured in Figure 76.
6.2.4 Gold Nanospheres (AuNS)
6.2.4.1 AuNS@Citrate
Gold nanospheres (ca. 10 nm diameter) were prepared by first heating hydrogen
tetrachloroaurate trihydrate (50 mL, 1.0 mM) to boiling in a 250 mL Erlenmeyer
flask with a watch glass cover under vigorous stirring. Sodium citrate solution (5 mL,
38.8 mM) was injected rapidly, and the solution color changed from yellow to colorless
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Figure 77: Transmission electron micrograph of gold nanospheres (ca. 40 nm diame-
ter) capped with CTAB.
to black to brilliant red within 1 minute. Stirring and heating were continued for 15
minutes, and the solution was cooled to room temperature.
Gold nanospheres of ca. 40 nm diameter were prepared following the above pro-
cedure but injecting less citrate solution (350 µL, 0.01 mM).
The relationship between citrate concentration and gold concentration is presented
in Figure 78, and these data were fitted with an exponential decay,
y = y0 + Ae
 x/t (9)
in order to generate the equations presented therein.
These fits were used to generate Tables 5 and 6, which present some example
AuNS@citrate sizes, plasmon peak positions, and the ratios of gold to citrate required
to produce these characteristics experimentally. These values are derived from the
following equations (10, 11) governing the relationship that plasmon peak position
and nanosphere diameter have to the gold to citrate ratio used in their synthesis:
citrate
gold




Figure 78: Plasmon peak position (left, green) and gold nanosphere diameter (right,




=  0.0442 ⇤ lnDesired Diameter (nm)  6.00
37.8
(11)
Table 5: Some example gold to citrate ratios and the size of the corresponding
AuNS@Citrate produced.









Table 6: Some example gold to citrate ratios and the plasmon peak position of the
corresponding AuNS@Citrate produced.











Gold nanospheres (ca. 40 nm diameter) were synthesized using a modified seed-
mediated gold nanorod synthesis. [15]
The seed solution was first prepared by dissolving CTAB (0.273 g) in water (deion-
ized, 7.5 mL) with mild stirring and slight heating. Hydrogen tetrachloroaurate tri-
hydrate (250 µL, 10 mM) was added, and then the gold was reduced with sodium
borohydride (600 µL, 0.1 M). The seed solution was stirred for 5 mins before use.
The growth solution was prepared by dissolving CTAB (15.49 g) in water (deion-
ized 425 mL) with mild stirring and slight heating. Tetrachloroaurate trihydrate (20
mL, 10 mM) was then added, yielding a clear, bronze-colored solution. The gold was
then reduced with ascorbic acid (11.6 mL, 79 mM), yielding a clear, colorless solution.
Seed solution (350 µL) was then injected to the growth solution, which was allowed
to stir (400 rpm) for 3 hours. The amount of seed solution added determines the
size of the resulting nanospheres. The nanoparticles were cleaned via 2x successive
centrifugation, yielding the gold nanospheres depicted in Figure 77.
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6.2.4.3 AuNS@DDT
Gold nanospheres (ca. 2 nm diameter), were synthesized by combining hydrogen
tetrachloroaurate trihydrate (aq, 30 mL, 30 mM) with tetraoctylammonium bromide
transfer reagent (toluene, 80 mL, 50 mM). The two-phase system was stirred vigor-
ously until all of the gold chloride was transferred to the organic layer. Dodecanethiol
(170 mg) was added, followed by the slow addition of aqueous sodium borohydride
(25 mL, 0.4 M). Stirring was continued for 3 hours, and the aqueous phase was re-
moved and discarded. The organic phase was concentrated to approximately 10 mL
using a rotary evaporator, and ethanol was added (400 mL). The solution was kept at
-18  C for 4 hours. The precipitate was filtered, washed with ethanol, redissolved in
toluene (10 mL), and reprecipitated with ethanol (400 mL). The resulting dark brown
precipitate was filtered again, washed with ethanol, and characterized by UV-Vis and
TEM.
6.2.5 Gold Nanorods (AuNR)
6.2.5.1 AuNR@CTAB
Figure 79: Transmission electron micrograph of gold nanorods (ca. 10 x 40 nm)
capped with CTAB.
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Gold nanorods (10 nm diameter, 40 nm length) were synthesized using a seed-
mediated approach. [15]
The seed solution was first prepared by dissolving cetyl-trimethylammonium bro-
mide (CTAB, 0.273 g) in water (deionized, 7.5 mL) with mild stirring and slight
heating. Hydrogen tetrachloroaurate trihydrate (250 µL, 10 mM) was added, and the
gold was reduced with sodium borohydride (600 µL, 0.1 M). The solution was stirred
for 5 mins before use.
The growth solution was prepared by dissolving CTAB (15.49g) in water (deion-
ized 425 mL) with mild stirring and slight heating. Tetrachloroaurate trihydrate (20
mL, 10 mM) was then added, yielding a clear, bronze-colored solution. Silver nitrate
(8.5 mL, 4 mM) was added, and then the gold was reduced with ascorbic acid (11.6
mL, 79 mM), yielding a clear, colorless solution. Seed solution (960 µ L) was injected,
and the solution was left undisturbed overnight. The nanoparticles were cleaned via
2x successive centrifugation, yielding the gold nanorods depicted in Figure 79.
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Figure 80: TEM micrographs showing progression from gold nanorods through gold
nanonubs. The amount of time exposed to heat is indicated in each panel.
6.2.6 Gold Nanonubs (AuNN@CTAB)
Our lab has previously reported the photothermal reshaping of gold nanorods into
spherical particles via laser ablation. [19] When the nanorods are excited by a high-
powered laser, the plasmon resonance is generated, and the nanorods melt from the
inside out. [20] Conversely, when gold nanorods are heat-treated at low concentration
and in the presence of excess CTAB, they melt the same as a bulk material - from
the outside in. Moreover, this process is slower and occurs in all particles in the
solution at once, rather than just the particles in the path of the laser beam. This
slower timescale allows for the reaction to be arrested at any point during the melting,
producing gold nanonubs (Figure 80).
Gold nanonubs were synthesized via controlled thermal melting of AuNR@CTAB
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Figure 81: Length and width of gold nanonubs over time. These nanorods become
shorter and fatter as they thermally melt, finally producing nanospheres.
prepared as described in 6.2.5. A solution of CTAB (0.31g, 100 mL) was prepared
and heated to a gentle boil under gentle stirring (400 rpm) in a 250 mL trace-clean
Erlenmeyer flask. The as-prepared AuNR@CTAB solution (25 mL) was injected,
and heating/stirring was continued until the desired aspect ratio was achieved. The
change in aspect ratio was monitored through observation of the longitudinal plasmon
resonance peak (ca. 800 nm), which moved exponentially slowly toward the transverse
plasmon resonance peak (ca. 530 nm). Evidence of this change is apparent in the
color of the solution, which progresses from brown to purple to blue/green to red over
the course of the rod-to-sphere transformation. AuNN appear blue/green in color.
The resulting nanoparticles were cleaned via 2x centrifugation with water.
We observed this thermal reshaping of nanorods over time via UV-vis and TEM.
The progression produces increasingly shorter and fatter rods, or nubs, until spheres
are finally formed. This shape progression is shown visually in Figure 80, and the
dimensions of the rods formed are given in Figure 81.
Optically, the longitudinal plasmon band blue-shifts significantly as the rod length
shortens. The transverse plasmon resonance concurrently red-shifts to a much lesser
degree. This e↵ect is seen in the experimental extinction spectra in Figure 82 and
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Figure 82: Extinction spectra showing thermal transition from gold nanorods through
gold nanonubs to gold nanospheres. The longitudinal plasmon resonance blue-shifts
while the transverse plasmon resonance red-shifts slightly.
reproduced in the theoretical DDA spectra in Figure 83, which were calculated for
the specific dimensions observed in the TEM experiments.
If each particle simply reformed into a spherical shape independently of other
particles in the solution, the starting gold nanorods would produce ca. 18 nm gold
nanospheres. However, the TEM results indicate the formation of particles of increas-
ingly larger volume; the final nanospheres are ca. 36 nm in diameter. This indicates
Ostwald ripening-type behavior [39] in the thermal melting process; some nanoparti-
cles are shrinking and some growing in volume as atoms move from one nanoparticle
into solution and nucleate onto another particle. The smaller, shrinking rods are ap-
parent in the TEM images (Figure 80), though there are far more growing nubs than
shrinking nubs, as reflected in the error bars on the length/width over time plot in
Figure 81. We monitored the thermal melting of gold nanorods at various tempera-
tures in order to calculate an activation energy for this Ostwald reshaping process.
The Arrhenius plot is given in Figure 84, indicating an activation energy of 29.78 J.
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Figure 83: Calculated DDA spectra of the transverse (left) and longitudinal (right)
plasmon resonance for gold nanorods of the indicated dimensions. Transvers and
longitudinal polarization modes are indicated with black arrows on the schematic
rods over each plot. The longitudinal plasmon band blue-shifts significantly while the
transverse plasmon band red-shifts slightly. Thus, the experimental and theoretical
results are mutually reinforcing.
Figure 84: Arrhenius plot of the logged rate constant versus temperature. Rate
constant attained from peak shift over time for thermally melted gold nanorods.
Indicates an activation energy of 29.78 J for the Ostwald ripening process responsible
for the thermal, outside-in reshaping of gold nanorods into gold nanospheres.
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6.2.7 Gold Nanoframes (AuNF)
Figure 85: Transmission electron micrograph of gold nanoframes (ca. 40 nm) capped
with PVP.
6.2.7.1 AuNF@PVP
Gold nanoframes (ca. 40 nm edge length) were prepared using the silver nanocubes
whose synthesis is described in Section 6.2.2 as templates for this galvanic replace-
ment reaction. The AgNC template nanoparticles were first cleaned of excess PVP
via dispersion in water (1:1), centrifugation into a pellet, redispersion to the origi-
nal volume in water, and recentrifugation. The resulting pellets were collected and
dispersed in water (ca. 100 mL) in a three-necked round-bottom flask. The reaction
vessel was heated in an oil bath at 150  C with stirring, and tetrachloroaurate solu-
tion (ca. 1 wt.%) was added drop-wise. The growth of these gold nanoframes was
monitored after each addition of gold solution and is witnessed by the spectral shift
of the plasmon peak from ca. 430 nm (AgNC) to ca. 800 nm (AuNF, Figure 85).
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Figure 86: Extinction (solid lines) and corresponding emission (dashed lines) spectra
for CdS quantum dots of increasing size. Emission red-shifts with increasing particle
size.
6.2.8 Nanoparticle Analysis
Nanoparticles onto carbon-coated copper TEM grids via the vertical drying method.
They were then imaged at a magnification of 100,000x using a JEOL 100-CX TEM
operated at an acceleration voltage of 100 kV and equipped with a CCD camera. UV-
vis exctinction spectra were collected with an Ocean Optics HR4000CG-UV-NIR.
6.3 Colloidal Syntheses of Selected Quantum Dots
6.3.1 Cadmium Selenide and Zinc Sulfide Shell QDs
6.3.1.1 CdSe@TOPO
Cadmium selenide quantum dot nanoparticles were synthesized by first dissolving
cadmium oxide (0.3 g) in stearic acid (2.0 g) in inert atmosphere to form an opaque
rust-red colored solution. This solution was heated in a three-necked round-bottom
flask to 180  C, at which point it became clear and nearly colorless. Trioctyl-phosphine
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oxide (TOPO, 2.0 g) and hexadecylamine (2.0 g) were added, and the reaction mix-
ture was heated to 200  C. In a separate vial, selenium powder (0.3 g) was added to
trioctylphosphine (3-4 mL) and heated until dissolution. The selenium solution was
then injected all at once into the reaction vessel. Aliquots of solution were removed
and dispersed in toluene (ca. 8 mL) at regular intervals to quench growth. Longer
growth times yield quantum dots with a more red-shifted absorption edge and emis-
sion wavelength. Methanol (ca. 2 mL) was added to each aliquot until the quantum
dots began to precipitate, and the solutions were centrifuged. The supernatant was
discarded, and the quantum dots were redispersed in either toluene (for storage) or
trioctylphosphine (TOP, for subsequent coating with zinc sulfide).
6.3.1.2 CdSe/ZnS@TOPO
A zinc sulfide shell was added to CdSe quantum dots described in the previous sub-
section to improve their quantum e ciency. Sulfur powder (0.05 g) was combined
with TOP (3 mL) and mixed until dissolution was achieved. This sulfur solution was
set to the side. Next, zinc acetate was prepared by combining zinc salt with acetile
acetone, refluxing, isolating with methanol, and decanting. In a separate reaction
vessel, zinc acetate (0.05 g) was dissolved in oleic acid (3 mL) and heated to 170  C.
TOPO (1.0 g) and CdSe quantum dots were added to the reaction vessel followed
by the drop-wise addition of the previously-prepared sulfur solution. Aliquots were
removed periodically and injected into toluene (ca. 8 mL) to quench their growth.
6.3.2 QD Analysis
The vertical drying method was used to deposit the quantum dots onto carbon-coated
copper TEM grids, which were then screened at a magnification of 100,000x using
a JEOL 100-CX TEM operated at an acceleration voltage of 100 kV and equipped
with a CCD camera. Optical characterization was performed as follows: UV-vis
xctinction spectra were collected with an Ocean Optics HR4000CG-UV-NIR, and
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steady state photoluminescence data were collected using a Shimadzu Fluorimeter
model RF-5301PC.
6.4 TiO2 Photoanode Fabrication and Modification
6.4.1 Electrochemical Anodization of TiO2 Nanotubes
Figure 87: SEM image of TiO2 Nanotubes.
Electrolyte solution was prepared by dissolving ammonium fluoride (0.7 g) and
phosphoric (H3PO4) acid (3 mL) in water (100 mL) to form a 0.2 wt.% fluoride
solution. Here, the ammonium fluoride was first dissolved in ca. 5 mL water and
bridged into the main solution. Titanium foil was cleaned via sonication in ethanol
(1 hr) followed by sonication in water (1 hr) and drying under N2. The electrochemical
cell was set up with the clean titanium foil as the working (+) electrode and platinum
foil as the counter (-) electrode. The voltage across the cell was increased from 0 to
20 V steadily over 30 seconds and held at 20 V for 8 hours. The resulting nanotube
arrays were cleaned via sonication (DI water, ca. 3 seconds) followed by an acid soak
(HCl, 1.0 M, 1 hr). The NTs were annealed either by oxygen annealing (500  C) or
nitrogen annealing (450  C) - depending on the desired optical properties - using a
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heating and cooling rate of 1  C/min. An SEM micrograph of the resulting nanotubes
is shown in Figure 87.
6.4.2 QD Deposition/Attachment to TiO2 NT Arrays
CdS was deposited on the crystallized nanotube surfaces by the successive chemical
bath deposition (CBD) method. The NT array was immersed in CdSO4 (0.2 M) for
1 min, rinsed with DI water, immersed in Na2S (0.2 M), then rinsed again with DI
water. This process was repeated 1-3 times, resulting in the formation of a layer of
CdS crystallites on the nanotube surface.
6.4.3 TiO2 Photoanode Analysis
The morphology of the samples was examined using a Zeiss SEM Ultra60. X-ray
photoelectron spectroscopy (XPS) experiments were performed on the TiO2 as well
as the hybrid films using a Thermo Scientific K-alpha XPS with an Al anode. The
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A.1 Synthesis of hexyl-substituted, ammonium-functionalized
thiol ligand.
Figure 88: Schematic showing structure of cationic, hydrophobic Ligand 1
The 400 MHz 1H NMR spectra of the above ligand was reported previously. [3]
We have employed electrospray ionization mass spectrometry (ESI-MS) to further
confirm the purity of the ligand (m/z 492, Figure 89).
Figure 89: Mass Spectrum of Ligand 1.
A.2 Synthesis of 2 nm metal core cationic gold nanoparti-
cles (NP2)
Pentanethiol-capped gold nanospheres with core diameters of 2 nm were synthesized
via the traditional Brust-Schi↵rin reduction. [1] Gold (III) chloride trihydrate (1.00
g, 2.54 mmol) was placed in a 1000 mL oven-dried, one-neck round bottom flask
and dissolved in deionized water (150 mL) to yield a light yellow solution. Toluene
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(150 mL) was added to the mixture and vigorously stirred. Tetraoctylammonium
bromide (TOAB, 2.10 g, 3.81 mmol) was added to the two-phase solution and stirred
vigorously for 15 min at room temperature, during which the solution turned orange.
Pentanethiol (0.323 g, 0.38 mL) was added, and stirring was continued for 5 min.
Sodium borohydrate (NaBH4, 1.92 g) was dissolved in cold deionized water (10 mL)
and quickly added to the solution. The solution immediately turned from orange
to black, and stirring was continued for 5 h. The toluene layer was collected from
a separation funnel and evaporated in a rotary evaporator at < 35  C. A minimum
amount of toluene was left in the round bottom flask (ca. 10 mL) and the material
was transferred to a 2 L Erlenmeyer flask containing HPLC grade ethanol (1 L). The
solution was left in the freezer overnight to allow the gold colloids to precipitate. The
colloids were collected by filtration using ethanol as the washing solvent and were
dried for 1H NMR characterization. A TEM micrograph was taken to ensure the
quality and monodispersity of the nanoparticles.
A place-exchange reaction [2] of ligand 1 (80.0 mg, 0.163 mmol, Figure 88) dis-
solved in dichloromethane (DCM, 10 mL) with pentanethiol-coated gold nanoparticles
(diameter ca. 2 nm, 20 mg) was carried out for 3 days at room temperature. The
DCM was then evaporated under reduced pressure. The residue was dissolved in
a small amount (ca. 5 mL) of distilled water and dialyzed (membrane molecular
weight cuto↵ (MWCO) = 10,000) to remove excess ligands, acetic acid, and salts
present in the nanoparticle solution. After dialysis, the particles were lyophilized
to obtain a brownish solid product and redispersed in deionized water (18 M⌦-cm).
1H NMR spectra in D2O showed substantial broadening of the proton signals, and
no free ligands were observed. Nanoparticle quality was ensured with measurements
from TEM, dynamic light scattering, zeta potential, mass spectrometry, and UV-vis
spectroscopy.
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A.3 Synthesis of 6 nm metal core cationic AuNPs (NP1)[1]
Undecanethiol-capped gold nanospheres with core diameters of 6 nm were synthesized
via the heat-induced size evolution method. [4] In a 250 mL round bottom flask,
TOAB (267 mg) in toluene (50 mL) was combined with gold (III) chloride trihydrate
(100 mg) in deionized water (50 mL) and vigorously stirred. Undecanethiol (54 µL)
was added, and the two-phase mixture was stirred for 10 min. Sodium borohydride
(NaBH4, 93 mg) in cold deionized water (5 mL) was added quickly, and the solution
was stirred vigorously for 5 h. The toluene layer was collected and evaporated in
a rotary evaporator at less than 35 oC. A minimum amount of toluene (ca. 5 mL)
was left in the 250 mL round bottom flask. The product was transferred to a 25 mL
round bottom flask and evaporated to dryness using a rotary evaporator and a high
vacuum system overnight. This process yielded a layer of dried material that was
evenly distributed on the wall of the flask.
The crude product in the 25 mL round bottom flask was heated to 150  C using
a temperature ramp under argon (10 oC every 5 min) until 150 oC was reached and
maintained for 30 min. The product was allowed to cool to room temperature (dried
thin layer looks golden) and dissolved in a mix of toluene (5 mL) and methanol (500
mL). The solution was put into the freezer overnight to allow the gold colloids to
precipitate and to remove excess undecanethiol and TOAB. Isolation of AuNPs was
achieved by decanting the methanol, and the colloids were dissolved in a minimal
amount of toluene (< 5 mL) for storage. 1H NMR was used to characterize the
capping molecule, and TEM was taken to ensure the quality and monodispersity of
the nanoparticles.
A place-exchange reaction [2] of Ligand 1 (100 mg, 0.203 mmol, Figure 88) dis-
solved in DCM (10 mL) with undecanethiol-coated gold nanoparticles (diameter ca.
6 nm, 20 mg) was carried out for 3 days at room temperature. The DCM was evapo-
rated under reduced pressure. The residue was dissolved in a small amount of distilled
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water and dialyzed (membrane MWCO = 10,000) to remove excess ligands, acetic
acid, and salts present in the nanoparticle solution. After dialysis, the particles were
lyophilized to obtain a brownish solid product and redispersed in deionized water
(18 M⌦-cm). 1H NMR spectra in D2O showed substantial broadening of the proton
signals, and no signals due to free ligands were observed. TEM, dynamic light scat-
tering, zeta potential, mass spectra, and UV-vis spectra were also taken to ensure the
quality of the nanoparticles.
Zeta potentials of NP1 and NP2 were measured using a Malvern Zetasizer (Nano
series, Malvern Instruments Inc, USA) in 5 mM phosphate bu↵er (pH=7.4) (Fig-
ure 90).
Figure 90: Zeta Potentials of NP1 and NP2.
A.4 Bacteria growth and preparation
Strains of both Escherichia coli (E. coli XL1 Blue; Gram-negative) and Bacillus
subtilis (B. subtilis ; Gram-positive) bacteria were cultured in lysogeny broth (LB)
growth medium and successively washed via centrifugation with 5 mM PBS (pH 7.4).
Surface protein-denatured bacteria of each strain were prepared by resuspending the
washed bacteria back to their original volume in 1% trypsin solution and shaking for
24 hours at 37 oC. Both the trypsin-treated and untreated samples of each bacteria
were adjusted to an OD of 0.33, while the solutions of concentrated nanoparticles
were diluted with PBS bu↵er to a concentration of 0.33 µM. These solutions were
used throughout the following experiments.
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A.5 Aggregation of AuNPs on the bacterial surface using
UV-VIS spectroscopy
In a 5 mL cuvette, a solution containing 6 nm nanoparticles (0.1 mL, 0.33 µM) was
added to bacteria stock solution (0.3 mL, OD600nm = 0.33) at room temperature and
mixed. Timing was begun at injection. A UV-Vis spectrum was recorded every 10 s
for 1000 s using an Ocean Optics HR4000CG-UV-NIR, and the shift in the plasmonic
peak at ca. 530 nm was monitored as a function of time. A filter was used to eliminate
light of wavelengths shorter than 400 nm in an e↵ort to preserve bacterial health for
the duration of the experiment.
A.6 TEM Studies
Figure 91: Transmission electron micrograph of AuNPs in fresh growth medium.
Crystals are dried salts. No significant aggregation is observed, as corroborated in
the spectroscopic studies.
For TEM grid preparation, the bacteria solution (30 µL, OD600nm = 0.33) was
mixed with nanoparticle solution (10 µL, 0.33 µM) at room temperature. After 20 s,
aliquots of the mixture were removed and applied to a carbon-coated Cu grid (400-
mesh) at time intervals ranging from 0 to 30 min. Aliquots of 2 µL were allowed
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Figure 92: [Transmission electron micrograph of AuNPs in used growth media fol-
lowing centrifugation and removal of the B. subtilis (A) and E. coli (B). Crystals are
dried salts. No significant aggregation was observed, as corroborated in the spectro-
scopic studies.
to settle on the grid for 20 s and were then blotted with filter paper (Whatman
#4), e↵ectively preserving the system at specific time points. To distinguish the
cell membranes, the grids were stained with 2 µL of 1% uranyl acetate for 30 s and
then blotted again. To rule out artifacts, a series of control grids were prepared
alongside the sample grids with a) cells that were stained, b) only AuNPs in growth
media that were stained (Figure 91), c) AuNPs in used growth media after cells had
been cultured and removed (Figure 92), and d) the AuNP-bacteria mixture without
staining by uranyl acetate. All grids were then screened with a JEOL JEM-1400
TEM operated at an acceleration voltage of 120 kV and equipped with Gatan Orius
SC1000 and Ultrascan 1000 CCD cameras. Images were collected at magnifications
from 50,000x to 100,000x.
A.7 Cytotoxicity Assays
The extent of membrane damage/release of cytosolic glucose 6-phosphate dehydroge-
nase was quantified by Vybrant Cytotoxicity Assay Kit (Invitrogen, V-23111) accord-
ing to manufacturer protocol at room temperature. The experiment includes several
groups: PBS only, both E. coli and B. subtilis (OD600=0.33) in PBS, bacteria with
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NP (100 nM, 200 nM and 300 nM), bacteria with lysis bu↵er, NP only and substrate
mixture only for the background correction. These reaction mixtures were incubated
for 5 minutes at 37 oC and the fluorescence was measured in a SpectroMax M2 mi-
croplate reader (Molecular Device) for up to 600 seconds with excitation/emission:
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APPENDIX B
TITANIUM DIOXIDE ANCILLARY MATERIAL
B.1 Electrode Fabrication
The TiO2 thin film electrode was prepared by annealing titanium foil at 500  C for
6 hours in ambient air with a heating and cooling rate of 1  C/min. The TiO2
nanotubes (NTs) were fabricated as previously detailed in Chapter 6. Briefly, pure
titanium foil samples were anodized in a two-electrode electrochemical cell with the
titanium foil as the working electrode and platinum foil as the counter electrode (7
h, 20 V, ca. 22  C) in an aqueous electrolyte (0.2 M NH4F, 0.1 M H3PO4). The as-
anodized samples were crystallized by oxygen annealing (500  C) with a heating and
cooling rate of 1  C/min. CdS was deposited on the crystallized nanotube surfaces
by the successive chemical bath deposition (CBD) method. [1] Briefly, the NT film
was immersed in 0.2 M CdSO4 solution for 1 min, rinsed with DI water and then
immersed in 0.2 M Na2S solution for 1 min and rinsed again with DI water. This
process was repeated many times and resulted in the formation of CdS crystallites
on the nanotube surface. The degree of surface coverage depends on the number of
times the deposition is repeated. The morphology of the samples was examined using
a Zeiss SEM Ultra60. The optical characterization of the films was performed using
a Shimadzu UV-Vis-NIR spectrophotometer UV-3101PC.
B.2 Bacteria Growth and Analysis
Escherichia coli (E. coli XL1 Blue; Gram-negative) was cultured in Lysogeny broth
(LB) growth medium (18 h, 37  C) and then successively washed via centrifugation




bu↵er for injection into the reaction vessel. Final bacteria percent survivability was
determined by diluting with bu↵er and spreading a small amount uniformly onto
nutrient agar plates (3 plate repeats per sample). The plates were incubated for 18 h
at 37  C, the colonies were counted, and the initial number of bacteria was calculated.
B.3 XPS Analysis
X-ray photoelectron spectroscopy (XPS) experiments were performed on the studied






C.1 Bacteriorhodopsin (bR) Preparation
Standard preparation procedures [4] were used to culture bR from strain S9 of Halobac-
terium salinarium to provide a working concentration of 0.012 mM bR. The concen-
trated bR was stored at -10  C until use. Water and citrate bu↵er (8.8 mM) were
mixed appropriately to maintain bR at the same concentration throughout the ex-
periments presented herein, and these mixtures were irradiated with white light prior
to use to generate light-adapted bR.
C.2 Silver Nanoparticle Synthesis
All crystalline nanoparticles (spheres, cubes, and cuboids) were synthesized using the
same chemicals, reaction vessels, heat settings, capping agents, and cleaning tech-
niques as discussed in Chapter 6.
C.3 Photoelectric Cell Design
The experimental cell was adapted from Horn et al. [4] and has been previously
discussed by our research group. [1] Bacteriorhodopsin and citrate bu↵er (either
in the presence or absence of Ag nanoparticles) was deposited into an O-ring on
ITO glass and covered with a Nafion membrane (0.09 mm, Alfa Aesar) to serve as
the bR cell. Another O-ring was placed on top of the membrane and filled with
citrate bu↵er solution to serve as the reference cell. A second piece of ITO glass
over this O-ring completes the circuit and provides an optically transparent means of
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sequestering the liquid components of the cell. The citrate bu↵er maintains the pH
of both cells at 7.0 and provides for enhanced charge carrier separation. This e↵ect
was statistically significant but not quantified in this paper. The Nafion membrane
allows for the movement of protons between the bR and reference cells but forbids
bR, silver particle, and anion di↵usion between cells. It is important to note here that
this design o↵ers the advantage of no needed external bias for polarity definition.
C.4 Photocurrent Measurements
A modulated CW broadband xenon arc lamp (UXL-75X, Ushio) was used as the
excitation source (140 mW / cm2, 10 mm spot size). The lamp was powered externally
(LPS-220, PTI), and an optical fiber (long-pass at   > 380 nm) was used to introduce
the light to the bR cell. An external shutter (04IES001, Melles Griot), actuated
electronically (04ISC001, Melles Griot), was used to modulate the light at a 0.83 Hz
repetition rate for the short-term (sphere, 1.2 s) photocurrent experiments and at
a 6.6 x 10 4 Hz repetition rate for the extended (cube, 1000 s) experiments. The
experimental set-up is rendered in schematic in Figure 93.
The current signal output was amplified by an external current amplifier (Model-
428, Keithley Instruments Inc.). The light-on / light-o↵ signal was generated by
collecting scattered light via a photodiode made in our lab, and this information was
stored by a 500-MHz transient digitizer (9350A, LeCroy). The instantaneous incident
excitation energy was monitored using a power meter (30A, Ophir). Dark incident
photocurrent was collected before the addition of bR to eliminate any photoartifacts.
The photocurrent density in the presence of silver nanoparticles capped with dif-
ferent molecular weights of PVP was measured as follows. Bacteriorhodopsin, citrate
bu↵er, and silver nanoparticles were mixed and covered with a Nafion membrane
to serve as the bR working cell. On the other side of the membrane, citrate bu↵er
solution served as the reference cell. The citrate bu↵er maintains the pH of both
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Figure 93: Experimental set-up for bR photocurrent measurements showing the cell,
light-source, amplifier, oscilloscope, and computer used to collect data from the os-
cilloscope.
cells at 7.0 and provides for enhanced charge carrier separation. The photocurrent
measurements were carried out under continuous wavelength white light with an ex-
ternal shutter and a signal amplifier. Dark incident photocurrent was collected before
the addition of bR to eliminate any photoartifacts. This dark photocurrent density
(0.8 nA/cm3) was subtracted from the induced photocurrent values for bR reported
herein.
C.5 Transmission Electron Microscopy
Silver nanoparticles were deposited onto carbon-coated copper TEM grids via the
vertical drying method. All grids were then screened with a JEOL 100-CX TEM
operated at an acceleration voltage of 100 kV and equipped with a CCD camera.
Images were collected at a magnification of 100,000x.
C.6 Dynamic Light Scattering




All extinction spectra were acquired using an Ocean Optics HR4000CG-UV-NIR spec-
trometer.
C.8 Data Analysis
Photocurrent data analysis and spectral overlap integrations were preformed using
the Origin Pro 7.0 software. All plots were also generated using this software.
C.9 Corner Integrity
Relative corner integrity of our cuboid structures was determined in ImageJ by fitting
circles to the corners of the particles in TEM images. By this method, in spheres, a
circle will fit the entire particle (0% integrity), and a circle of infinitely small radius
will fit the corner of a perfect cube (100% integrity). For the cuboid shapes, circles
with smaller radii will correspond to shapes with better corner integrity (Cuboid-
B), and circles with larger radii will correspond to shapes that are more sphere-like
(Cuboid-A). The radius of at least 250 circles was measured for Cuboid-A and Cuboid-
B. 100 circles were measured for the spheres.
C.10 Discrete Dipole Approximation
DDA calculations were performed by Erik Dreaden in our group as described pre-
viously. [3] Briefly, electric field distribution and polarization contour plots were
computed using modified FORTRAN codes of DDSCAT6.1 kindly provided by G.C.
Schatz (Northwestern University). [2] Calculations were carried out for linearly po-
larized far-field excitation of Ag nanospheres (40 nm in diameter) or Ag nanocubes
(40 nm face length) with equal dipole densities. The complex dielectric function for





PHOTODYNAMIC CANCER THERAPY ANCILLARY
MATERIAL
D.1 Nanoparticle Synthesis
All nanoparticles were synthesized according to the methods laid out in Chapter 6.
D.2 NP-PpIX Complex Synthesis
AgNS, AuNS, and AuNR were cleaned via successive centrifugation. Each of these
was then combined with PpIX to generate solutions of each particle with each type
of PpIX linker functionality: unmodified PpIX, Short-Linker PpIX, and Long-Linker
PpIX. The concentration of NPs was maintained at 0.1 nM NPs for all solutions, while
solutions of both 0.2 and 2.0 M PpIX were made for each mode of PpIX attachment.
Polyethylene glycol with methoxy and thiol terminii (mPEG-SH) was added to
provide approximately 10% NP surface coverage in order to maintain good water sol-
ubility and improve biocompatibility. Final DMSO concentration was maintained at
0.2%, and this amount of DMSO showed no e↵ect on cell viability by itself. NP-PpIX
complexes were characterized using UV-Vis, TEM, and Dynamic Light Scattering
(DLS).
D.3 Transmission Electron Microscopy (TEM)
The vertical drying method was used to deposit nanoparticles onto carbon-coated
copper TEM grids, which were then screened at a magnification of 100,000x using
a JEOL 100-CX TEM operated at an acceleration voltage of 100 kV and equipped
with a CCD camera.
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D.4 Discrete Dipole Approximation (DDA)
The optical responses of the various nanoparticles were calculated by Rachel D. Near
in our group using the DDA method with the DDSCAT 6.1 code o↵ered publicly
by Draine and Flatau. [1] The bulk values of the dielectric constants for gold and
silver reported by Johnson and Christy [3] were used, and the medium was assumed to
have a refractive index of 1.33 corresponding to that of liquid water. Additionally, the
surface field intensities around the particles were calculated using a modified version
of the DDSCAT code provided by the Schatz group. [4, 2]
D.5 Singlet Oxygen Measurements
The relative rate of singlet oxygen generation (SOG) in solution was measured for each
complex and for PpIX alone using a scavenger (9,10-Anthracenediyl- bis(methylene)
dimalonic acid, ABDA). ABDA (1.5 mL, 0.2 mM) was combined with water (deion-
ized, 1 mL) and an aliquot of each sample (1 mL) and then split into two cuvettes.
One was placed in the dark to serve as the reference cuvette, and one was irradiated
using a Xe arc lamp (1 W) fitted with a water filter to block infrared light (heat)
and a long-pass filter (450 nm) to block ultraviolet light and prevent photobleaching
of the ABDA itself. The absorbance of both the sample and reference cuvettes was
collected periodically over 500 seconds, and the disappearance of the ABDA bands
was monitored, plotted as a function of time, and fit with a curve. The relative rate
constants of SOG were calculated from the slope of this decay curve.
D.6 Dynamic Light Scattering




Human oral squamous carcinoma cells (HSC-3), a malignant epithelial cell line, were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Mediatech) supplemented
with 4.5 g/L glucose, sodium pyruvate, 10% v/v fetal bovine serum (FBS) (Mediat-
ech) and 1% antimycotic solution (Mediatech). Cell cultures were kept at 37  C in a
5% CO2 humidified incubator.
D.8 Cell PDT Complex Treatment and Light Exposure
HSC-3 cells were grown in 96 well plates for 24 hours and then incubated with
the respective NP-PpIX complexes in culture medium (DMEM) for 24 hours. Each
nanoparticle concentration was kept constant at 0.1 nM, while PpIX concentrations
were varied from 0.0 - 20.0 µM. Cells were then irradiated (10 mW, 30 min) with a Xe
arc lamp fitted with a short-pass water filter (heat), a long-pass UV filter (350 nm),
a 90  turning mirror, and a 30  light di↵user to ensure equal intensity for every well
(Figure 94). Control cells were removed from the incubator along with the sample
cells and placed in the dark. Nanoparticles and PpIX were removed and ca. 25%
XTT reagent (Sigma) in culture medium (DMEM) was added. Cells were kept at 37
 C in a 5% CO2 humidified incubator overnight. Absorbance measurements at 450
nm and 690 nm were taken on a Biotek Synergy H4 Multi-Mode Plate Reader.
D.9 Dark Field Imaging
Cells were cultured on 18 mm diameter glass coverslips for 24 hours and incubated
with the respective NP-PpIX complexes diluted in culture medium (DMEM) for 24
hours. The nanoparticle and PpIX concentrations were kept constant at 0.1 nM
and 0.2 µM, respectively. Particle solutions were removed and coverslips were then
washed with DPBS bu↵er and fixed with 4% paraformaldehyde. Images were obtained
with an inverted Olympus IX70 microscope with a dark field condenser (U-DCW).
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Figure 94: Schematic of exposure setup used to treat cells with light for photodynamic
therapy.
A 100x/1.35 Iris objective (UPLANAPO) was utilized to collect the scattered light
from the NP treated samples.
D.10 Data and Statistical Analysis
Nanoparticle histograms and average dimensions were obtained via measurement of at
least 250 particles for each particle type using ImageJ software. Fluorescence, SOG,
DLS, and cell viability data analysis was conducted using OriginLab 8.5. Results are
reported as mean ± SD of three or more independent experiments. Cell viability data
was analyzed using the t-test calculator (GraphPad Software, GraphPad Software,
Inc.) and statistical significance was determined from PpIX treated cells to NP-
PpIX complex treated cells unless otherwise noted. Data was considered statistically
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